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ABSTRACT
During the decade o f the 1970's, much a ttention was focused on the 
presence of trihalomethanes in fin ished  drinking water. One p a rticu la r 
specie o f the trihalomethanes, chloroform, was of p a rticu la r concern 
due to th is  compound being a known carcinogen and due to  i t  being, 
almost inva riab ly , the predominant specie present in fin ished  water. 
To date, the life - t im e  exposure r is k  to  th is  chemical as a carcinogen 
is  uncertain. The Environmental Protection Agency (EPA) set a l im it  of 
100 parts per b il l io n  (ppb) fo r  to ta l trihalomethanes (TTHMs) in 
fin ished  water. This l im i t  is  based on an annual mean average of four 
quarters of sampling.
Compliance with th is  100 ppb standard fo r  TTHMs in fin ished water 
has prompted considerable research in the f ie ld  of how TTHMs are 
formed, what facto rs re la te  to  th e ir  formation, and remedial treatment 
in water treatment plants to reduce TTHM formation. This la t te r  
category o f research has been extensive, but more often than not has 
dealt with testing  of a lte rna tive  treatment methods which would require 
e ithe r considerable cap ita l outlay fo r  additional treatment un its  (e.g. 
Granular Activated Carbon) or considerable increases in operating 
expenses (e.g . use o f various coagulant-aid polymers), or both. Seldom 
has research in  the area of remedial treatment considered the economic 
burden posed by implementation o f these a lte rna tives .
The objective of th is  research was to evaluate economically
feasib le  a lte rna tives to reduce TTHM production in  fin ished  water. I t  
has been well established by numerous researchers that the reduction of 
precursors (usua lly  humic and fu lv ic  acids) p r io r  to ch lo rina tion  can 
subs tan tia lly  reduce TTHM formation. Therefore, one a lte rna tive  which 
would require minimal m odification would be to ch lo rinate  a fte r 
coagulation-sedimentation rather than the usual practice of pre­
ch lo rina ting  at the headworks o f the p lant. In conjunction w ith  th is , 
coagulant aids cu rren tly  in  use by a plant could be adjusted to 
optimize removal o f precursors p rio r to m id-point ch lo rina tion  as
determined by ja r - te s t in g . A second a lte rna tive  would be to simply 
optimize coagulation-sedimentation in  order to  reduce TTHM production 
in the d is t r ibu t ion  system. Third ly , a cationic polymer could be used 
in place of the f a c i l i t i e s '  usual coagulant aid commensurate with 
optimized coagulation conditions of treatment. A fourth alternative
would be to  substitu te  pre-chloramination fo r  p re-ch lorina tion  with 
optimized coagulation, while the f i f t h  a lte rna tive  would be to combine 
the use of a ca tion ic  polymer w ith pre-chloramination.
These f iv e  a lte rna tives were tested in a p ilo t  study at the Lawton
Medicine Park Water Treatment Plant during mid-summer, the most
c r i t ic a l  time period fo r  TTHM formation. I t  was desired to determine 
i f  (a) a s ig n ific a n t d ifference existed between the a lte rna tive  
treatments, (b) which treatment a lte rna tive  was most e ffe c tive  in 
co n tro llin g  TTHM production, and (c) could c r i t ic a l  period values be 
used to predict annual mean averages of TTHMs ( i.e  was there a
V I
s ta t is t ic a l ly  s ig n ific a n t co rre la tion  between the two variab les?).
Analysis o f Variance (AOV) was u tiliz e d  to determine the most 
e f f ic ie n t treatment a lte rn a tive . This te s t showed, w ith  a high degree 
of r e l ia b i l i t y ,  tha t optim izing coagulation w ith ex is ting  coagulant 
aids in conjunction w ith  pre-chloramination was the most e ff ic ie n t 
method fo r  TTHM reduction. A regression analysis was then performed 
using TTHM data from 27 major Oklahoma water treatment plants across 
Oklahoma, a ll of which used surface water alone or in  combination with 
ground water as th e ir  raw water source. This regression analysis 
indicated tha t a lin e a r re la tionsh ip  exists between the TTHM values 
observed in the c r i t i c a l  fourth quarter of the water year and the 
annual mean TTHM values, v/hile a correlation coe ff ic ien t of 0.91 and a 
t -  tes t with a calculated t  value well within the c r i t i c a l  region of 
the curve gave fu rth e r credence to the derived lin e a r model fo r 
predicting the annual mean values of TTHMs from the c r i t ic a l  period 
value. An experimental e rror term was applied to the lin e a r model to 
correct fo r  variance about the lin e  of best f i t .  The model and error 
correction showed predicted values fo r  the Lawton p lant to be w ith in  5 
ppb o f the annual mean average which could be expected by the percent 
reduction observed u t i l iz in g  the preferred treatment method during the 
p ilo t  study. The model and e rro r correction were then u t iliz e d  to 
predict annual mean TTHM values fo r  the remaining 26 plants monitored. 
The f in a l resu lts  showed tha t implementation o f pre-chloramination in 
conjunction w ith optimized coagulation-sedimentation could be expected.
with 95% confidence, to  reduce a ll 27 plants monitored to  well below 
the annual mean TTHM maximum contaminant level of 100 ppb.
One s ig n ific a n t aspect of these findings is  tha t implementation of 
pre-chloramination combined w ith  maintaining maximum coagulation 
conditions does not require  e lim ination o f post-ch lo rina tion . 
Therefore, a free  ch lo rine  residual can be maintained in the 
d is tr ib u tio n  system. Many fa c i l i t ie s  in  th is  area o f the country have 
completely substitu ted ch lo rina tion  with chloramination. Research has 
shown th a t combined ch lo rine  is  not as e ffe c tive  in  i t s  bacteric ida l 
e ffe c t as free  ch lo rine . A second s ig n ifica n t aspect is  that th is  
research has demonstrated that the use of pre-chloramination can reduce 
annual TTHM means to below 100 ppb i f  used only during the c r i t ic a l  
period of the year when ambient temperatures and decaying detr itus 
releasing precursors in to  the raw water source can cause peak TTHM 
production. This is  not intended to  imply tha t a water treatment plant 
should revert to  p re -ch lo rina tion  during the remaining nine months of 
the year. I t  is  intended to  imply tha t year-round operation using th is  
treatment a lte rna tive  provides a considerable margin of safety in 
assuring tha t the 100 ppb TTHM annual mean w i l l  not be exceeded.
In conclusion, th is  research has shown tha t re la t iv e ly  simple 
m odifications in  water treatment can achieve the desired re su lt of 
reducing TTHM levels in order to bring many surface water treatment 
plants in to  compliance w ith  sta te  and federal regula tions regarding
v i i i
trihalomethanes. I t  is  rea lized tha t fo r  some water treatment 
f a c i l i t ie s  whose raw water source is extremely high in precursors, such 
simple m odifications may not s u ffice . Nevertheless, th is  research has 
attempted to fin d  economically reasonable treatment a lterna tives to 
reduce TTHM production and i t  is  hoped th a t th is  con tribu tion  might 
o ffe r many water suppliers guidance in  achieving desired resu lts  with 
the least economic impact.
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AN EVALUATION OF ALTERNATIVE TREATMENT KTHODS 
FOR TRIHALOMETHANE REDUCTION 
IN PUBLIC HATER SUPPLIES
CHAPTER I 
INTRODUCTION
Much of the disease and m o rta lity  which have plagued c iv iliz e d
societies since the beginning of recorded h is to ry  can be d ire c t ly
a ttr ib u ted  to  unsanitary liv in g  conditions. P a rtic u la r ly , the
contamination of drinking water supplies is now known to have been the
d ire c t cause of the deaths of countless people over the centuries and
has caused inca lcu lab le  human suffering. The transmission of water­
borne diseases by pathogens in  impure water was, unfortunate ly, not 
recognized u n til the 19th century. Even then, both public ignorance
and the lack of a safe d is in fectan t delayed any action to  abate
epidemics of water-borne diseases (1).
In the la t te r  part o f the 19th century in  Europe, i t  was
disovared tha t ch lorine added to  impure water in small quantities  acted 
as a powerful bacte ric ide . I t  was also discovered tha t a residual was
1
maintained in  the water which gave las tin g  protection against 
recontamination. In the l ig h t of the times when water-borne pathogens 
were causing increased m orb id ity  and m orta lity  among growing centers of 
c iv iliz e d  society due to  the in d u s tria l revo lu tion , the discoveries of 
causative agents, mode o f transmission, and ch lo rine  as the remedy to 
stem the tid e  of death and human suffe ring  was, w ithout doubt, among 
the great discoveries of mankind.
The use o f ch lo rine  as a d is in fectan t in  drinking water was 
in it ia te d  in  Europe in  the la te  1800s and in the United States during 
the f i r s t  quarter of the 20th century. By the 1930s, epidemics of
water-borne diseases had been v i r tu a l ly  eliminated in c iv i l iz e d  
nations.
The p o s s ib il i ty  o f harmful e ffects of the addition of chlorine 
to drinking water was a secondary issue during the early 1900s, not 
only because o f the fa r  more urgent need to  resolve bacterio log ica l 
contamination, but also because of extremely lim ite d  knowledge as to 
the health e ffec ts  of most chemicals and the a b i l i t y  to  detect th e ir  
presence w ith  any accuracy. Even today, although our a b i l i t y  to detect 
the presence o f chemicals has vastly  improved, the acute and chronic 
health e ffects  of many chemicals is  theo re tica l at best. The f i r s t  
water q u a lity  standards fo r  a lim ited  number of chemicals was 
promulgated by the U. S. Public Health Service (USPHS) in 1914. 
These standards were not mandatory, in tha t the USPHS had no
constitu tiona l au tho rity  to  mandate standards. Many public water 
supply systems d id , however, v o lu n ta r ily  adopt the recommended USPHS 
standards. In retrospect, one cannot avoid being s tu p ifie d  by the lack 
of a uniform set of enforceable drinking water standards in  th is  
country during the major part of th is  century.
I t  was not u n t i l  1969-1970 tha t public awareness of the poor 
q u a lity  o f drink ing  water in  th is  country was rea lized . This awareness 
was brought about by a massive study conducted by the Bureau of Water 
Hygiene (USPHS) o f 969 water supplies serving over 18 m illio n  U. S. 
c itizens (1 ). This study determined, in b r ie f ,  th a t the q u a lity  of 
water being delivered to people across the country was fa r  from 
satis factory. Concurrently, the Federal Water Pollu t ion Control 
Association (FWPCA) was conducting a study of organic chemicals in 
fin ished water from the C ity  of New Orleans, Louisiana (2 ). This study 
revealed the presence of a large number of suspected carcinogens, one 
of which was chloroform.
With the formation of the U.S. Environmental Protection Agency 
(EPA) in 1972, one of the f i r s t  objectives of the new federal agency 
was to investiga te  the find ings of the FWPCA report on New Orleans 
drinking water. In a report released in  1972, EPA confirmed the FWPCA 
findings (2 ). Alarmed by th e ir  findings and due to  public pressure 
exerted as the re su lt of pub lic iz ing  th e ir  fin d ing s , a second study was 
performed by the EPA on the New Orleans water supply and resu lts  were
again confirmed (3 ). One o f the major concerns in these findings was 
the presence of trihalogenated methane compounds, the trihalomethanes 
(THMs). Studies being conducted by the In te rnationa l Agency fo r  Cancer 
Research implicated one specie, chloroform, as a carcinogen (4 ). 
Meanwhile, J. 0. Rook of the C ity  of Rotterdam (Netherlands) had been 
researching the formation of trihalomethanes in  drinking water and in 
1974 published his find ings tha t the reaction of ch lorine w ith natural 
organic compounds (precursors) in the Rhine River caused th e ir  
formation (5 ). In l ig h t  of these newly developing fa c ts , in  November, 
1974, EPA announced tha t i t  would conduct an 8 0 -c ity  survey o f organics 
in  drinking water. This study, the National Organics Reconnaisance 
Survey (NORS), showed the suspect carcinogen, chloroform, present in 
the fin ished drinking water of a l l  c i t ie s  practic ing chlorination (6).
On December 16, 1974, the Safe Drinking Water Act (Public Law 
93-523) was signed in to  law. Uniform standards of drinking water 
q u a lity  were established (7 ). The Act d irected EPA to conduct an 
intensive study o f public water supplies "to  determine the nature, 
extent, source o f, and means of control of contamination by chemicals 
or other substances suspected of being carcinogenic." This action 
resulted in the National Organics Monitoring Survey (NOMS) (8). This 
study confirmed the presence o f THMs in every supply which practiced 
ch lo rina tion . On November 2 9, 1979, the National In terim  Primary 
Drinking Water Regulation; Control of Trihalomethanes in  Drinking 
Water; Final Rule, was published in the Federal Register (9). This
amendment established Maximum Contaminant Levels (MCLs) fo r  Total 
Trihalomethanes (TTHMs), sampling frequencies, and provided fo r  methods 
o f compliance w ith  regu la tions.
The key issue in  the f in a l regulation was that a time l im it  
was set fo r compliance with the TTHM standard based on the number of 
people served by a p a rtic u la r water supply. In d ire c tly , i t  is  the key 
issue of th is  d isse rta tion  in  that the a lte rna tive  treatment methods 
in i t i a l l y  suggested by various groups and federal agencies would have, 
i f  implemented, been m arginally e ffec tive  ( in  retrospect) and cost 
p ro h ib it ive  fo r  many water supplies. That is ,  in s u ff ic ie n t time was 
allowed by the f in a l regulations to experimentally establish treatment 
e fficacy  by the proposed a lterna tives or to  seek other equally 
e f f ic ie n t a lte rna tives based on both e fficacy and cost. Fortunately, 
the strong lobbying e ffo r ts  of the American Water Works Association 
managed to slow the implementation process f i r s t  suggested and gave 
researchers time to  evaluate a lte rna tives. Many of the in i t i a l l y  
suggested a lte rna tives  proved to  be in e ffe c tiv e , while others proved to 
be only m arginally e ffe c tiv e  w ith  high operating costs.
This d isse rta tion  was, therefore, prompted by the need fo r 
such innovative research to  evaluate, both by lite ra tu re  review and 
experimental ana lysis, the reduction of to ta l trihalomethanes in 
fin ished  drinking water based on simple m odifications w ith  minimal 
economic impact. I t  is  hoped that the re s u lt of th is  e ffo r t  w il l
assist public water supplies in  making more e ffe c tive  management 
decisions in  meeting the TTHM standards.
CHAPTER I I  
LITERATURE REVIEW 
INTRODUCTION
The amount and q u a lity  o f research conducted in the past ten 
years since the in i t ia l  id e n tif ic a tio n  o f trihalomethanes in fin ished  
drinking water on a national basis is  astounding. The lite ra tu re
abounds 'with the findings of such research, including national EPA 
surveys, corre la tions between a va rie ty  of physical and chemical 
factors which influence the formation of trihalomethanes and remedial 
treatment a lte rna tives to  reduce TTHM levels in fin ished drinking 
water. Only in the area o f human health e ffects of chronic exposure to 
the trihalomethanes is  sound knowledge lacking.
This pro ject w i l l  cons titu te  a comprehensive review of the 
l ite ra tu re , p a rt ic u la r ly  in  regard to  treatment methods used to  reduce 
TTHM formation in  the water treatment tra in  and reduction of continued 
formation in  d is tr ib u tio n  lines . Based on th is  l ite ra tu re  review, the 
pro ject w i l l  involve an on-line  p ilo t  study to evaluate various
treatment a lterna tives in order to  determine the cost e ffe c tive  
a lte rna tives . In order to accomplish the lite ra tu re  review and 
subsequent experimental design decisions, i t  w il l  be necessary to  
expand on the numerous facto rs  and mechanisms which influence the 
formation and reduction removal of trihalomethanes. Such expansion on 
theo re tica l and empirical mechanisms w i l l  be included in the l ite ra tu re  
review.
While i t  is  known tha t the predominant factor e ffec ting  the 
formation o f TTHMs is the constituents in raw water, and in that waters 
vary dram atically in  th e ir  physiochemical character from one area to
another, the l i te ra tu re  re f le c ts  a preponderance of commonalities from 
a technical/economic vantage. This review w i l l ,  therefore, re f le c t  
those comnonalities in order to establish common remedial a lternatives.
The lite ra tu re  review w i l l  consist of Precursors and 
Mechanisms o f Trihalomethanes Formation, Factors Influencing TTHM 
Formation, A lte rna tive  Treatment Methods, and Precursor Reduction 
A lte rna tives and Trihalomethane Reduction A fte r Formation.
Precursors and Mechanisms of Trihalomethane Formation
I t  has been recognized since the studies by J. J. Rook in  1974
(5) and subsequent studies by numerous investiga to rs , notably B e lla r,
Lichtenberg, and Kroner (10), tha t the formation of trihalomethanes is 
d ire c t ly  re la ted  to  concentrations and types of precursors in  the raw 
water source of a pub lic water treatment f a c i l i t y .
Precursors re fe rred  to  in  trihalomethane formation are usually
the n a tu ra lly  occurring organic compounds formed in  surface water from
decaying vegetation. The amount of precursors present in  a raw water 
source may be manifested by co lo r, representing the dissolved organics
in the rav/ water. (Dissolved or suspended inorganic materia ls, 
manifested by raw water tu rb id i ty ,  do not appear to have any 
re la tionsh ip  to  trihalomethane formation. Chemically, as w i l l  be 
discussed, inorganics would not be expected to a ffe c t THM form ation). 
Precursors are most commonly fu lv ic  and humic acids, though tannic 
acids and other organics may play a less s ig n ific a n t ro le  (11). 
Babcock and Singer (12) evaluated the re la tiv e  importance o f fu lv ic  and 
humic acids in  THM form ation. While th e ir  study showed tha t humic 
acids are more e f f ic ie n t in  THM formation than fu lv ic  acids, a natural 
d is tr ib u tio n  of aquatic humus indicates th a t fu lv ic  acids are fa r  more 
prevalent then humic acids. Therefore, i t  can be stated w ith  some 
c r e d ib i l i t y  th a t in most surface water supplies the predominant 
precursor of in te re s t is  the fu lv ic  acids. The point o f in te re s t in 
d if fe re n tia tio n  is  tha t fu lv ic  acids, w ith a molecular weight range of
100 to 1,000, are less e as ily  removed In the coagulation-sedimentation 
process than are humic acids whose molecular weight normally exceeds
100,000.
The three major fra c tio n s  of aquatic humus were f i r s t  defined 
by Oden in  1919 (13), w ith s truc tu ra l models fo r  humus proposed by
Kleinhempel, e t a l. in  recent years (14). The model is  conceptualized
as a large amorphous mass w ith  functiona l groups protruding from i ts  
surface. The importance o f the model is  that these functiona l groups 
attached to the amorphous mass are the l ik e ly  reaction s ite s  by which, 
in  the presence of ch lo rine , trihalomethanes are formed. In th is
respect, research has bean done by a number of investigators as to the 
most e ffec t ive  functional groups in producing THMs. Rook showed in his 
studies, fo r example, that metahydroxy aromatic rings are p a r t ic u la r ly  
e ffe c tive  in producing THMs (15). In the tra d it io n a l haloform 
reaction, the f i r s t  ion iza tion  step is  rate determining. Studies by 
Morris et a l. (15) showed th a t functiona l groups of the humus mass are 
capable of executing th is  f i r s t  inonization step ra p id ly . Further, in 
tha t the rate  determining step in  the haloform reaction is  a hydrolysis 
reaction . Rook's observation of the importance of the metahydroxy 
aromatics would seem substantiated.
A fu rthe r com plication, from a water treatment viewpoint, is  
tha t the haloform reaction takes place over several hours w ith 
s ig n ific a n t increases o f THMs occurring even a fte r 24 hours from
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in i t ia l  chlorine-precursor contact. I t  is  th is  time o f reaction that 
p a r t ia lly  creates the problem o f THM formation at d istant points in the 
d is tr ib u tio n  system (Figure 1).
Although fu lv ic  acid, due to  a wider natural d is tr ib u tio n , is  
recognized as the precursor of major concern, other precursors have 
been id e n tif ie d  which are not re lated to  hydrolysis in the haloform 
reaction. In a study performed by Lange and Kawczynski in  the 
Sacramento-San Joaquin Delta (17), bromide was determined to be an 
important precursor in  th a t, in  the presence o f ch lorine, bromide is 
oxidized to form intermediates which apparently p a rtic ip a te  more 
e f fe c t ive ly  than chlorine in the halogénation step of THM formation. 
Another precursor group, the tannics, were ident if ied  by Telang et a l. 
(18). This precursor group is of part icu la r importance in areas where 
surface water runs through forrested  areas in  which c lear cu tting  
operations have been conducted.
The k ine tics  of the trihalomethane reaction are la rge ly  
unknown. Numerous facto rs including pH, temperature, chlorine dosage 
ra te , and precursor concentrations influence reaction rates. I t  is  the 
nature and concentration of the precursor material present in a raw 
water source tha t s p e c if ic a lly  confounds the issue and makes i t  
d i f f i c u l t  to evaluate TTHM formation po ten tia l. However, i t  should be 
rea lized th a t TTHM formation po ten tia l has s ignificance in  the 
circumstance that a new raw water source is planned fo r u t i l iz a t io n ,
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Figure 1. Plot of Formation of THM Species vs. Time of Travel
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such as in the construction o f a new water treatment p lan t, or in the 
planned use of an a lternate  source fo r an ex is ting  f a c i l i t y .  In th is  
event, u t i l iz a t io n  o f to ta l organic carbon measurements can normally 
p red ic t whether a new raw water source is  l ik e ly  to produce TTHMs. The 
re la tionsh ip  is  linea r w ith a pos itive  slope. In e a r lie r  research 
performed by the author, i t  was determined th a t such a linear 
re la tionsh ip  ex is ts  w ith a TOC value o f 10 ppm being the approximate 
break-point at which the Maximum Contaminant Level (MCL) fo r  TTHMs w il l  
l ik e ly  be exceeded on an annual mean basis ( i . e .  i f  TOC values observed 
in  the raw water source show a consistent pattern o f exceeding 10 ppm, 
i t  is  l ik e ly  th a t some type of treatment method w i l l  be required to 
reduce TTHH formation) (19).
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Factors Influencing Total Trihalanethane Formation
In order to evaluate the most e ffe c tive  and concurrently 
economical a lte rna tive  treatment methods fo r  reduction of 
trihalomethanes in fin ished drinking water, a lite ra tu re  search was 
performed pertain ing to  those factors which have a s ig n ific a n t e ffect 
on the rate  o f TTHM formation.
Precursors
The most s ig n ific a n t fac to r influencing formation o f TTHMs, 
p a r t ic u la r ly  in the water treatment t r a in ,  is  the type and 
concentration of precursors in the raw water supply. This fa c to r has
been discussed in the previous section.
Disinfectants
Although others e x is t, there are four commonly recognized 
d is in fectan ts  which are used in water treatment; ch lo rine , chlorine 
d ioxide, ozone, and chloramines. Each of these d is in fec tan ts  has 
profoundly d if fe r in g  e ffects and w i l l  be discussed separately.
Chlorine. Chlorine, e ithe r in the form of the dry powdered 
calcium hypochlorite or in  the liq u id  form o f sodium hypochlorite is  
the most commonly used d is in fec tan t in water treatment fa c i l i t ie s .  
Chlorine is  h ighly e ffe c tive  in  i ts  bacte ric ida l e ffe c t, i t s  production 
of a free chlorine res idua l, and i ts  aid in other treatment processes 
such as an oxidant to  enhance coagulation e ffic ie n cy  and fo r  removal of
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iron and manganese, reduction or e lim ination o f taste and odor 
problems, and control of a lgal growths in f i l t e r  beds and sedimentation 
basins. These many benefits o f chlorine make the consideration of an 
alternate d is in fec tan t a d i f f i c u l t  decision.
Due to  the production o f a free  chlorine res idu a l, chlorine is 
the d is in fec tan t most associated w ith trihalomethane formation. 
Therefore, i t  would be benefic ia l to be able to  quantita te  the e ffec t 
of chlorine (e.g. ch lorine dosage). Unfortunately, much confusion 
exists in the lite ra tu re  regarding not only the influence of chlorine 
dosage rates on THM formation, but the rates of the reaction . Figure 2
i l lu s t ra te s  the formation of TTHMs over time and resu lt ing  free and
combined chlorine residuals (EPA). The f i r s t  region of the diagram 
represents immediate chlorine demand, usually exerted by an inorganic 
demand due to  s u lf id e , iro n , and ammonia. There appears to be no
re la tionsh ip  between the ch lo rine  dose and THM formation during th is  
in i t ia l  phase. In the second region, when ch lo rine  reacts with 
available organic m ate ria l, a near linear re la tionsh ip  exists between 
chlorine dose and THM form ation. Once the inorganic and organic 
demands are s a tis fie d , a long-term chlorine residual is  maintained with 
no fu rthe r increase in  THMs. (This la t te r  fa c t w i l l  prove to be of
c r i t ic a l  importance in  th is  research.) The EPA has also ve rifie d  that 
long-term chlorine residuals resu lt in only small to neg lig ib le  
increases in  THM formation (20). Figure 3 would ind ica te  that very 
l i t t l e  d ifference exists between a chlorine dose ra te  of 3 to 6 ppm,
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Figure 2. Chloroform Formation By Free and Combined Residual (EPA)
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but tha t only at higher dose rates is  a maximum of 0.2 ppm free 
chlorine residual maintained.
Chlorine D ioxide. Chlorine dioxide is  a strong oxidant and 
d is in fec tan t, but su ffe rs three disadvantages. The use o f chlorine 
dioxide is more cos tly  and under certain conditions can form c h lo rite  
and chlorate ions which are in ju rious  to health. Further, the use of 
ch lorine dioxide can also cause production of ch lorine as a by-product 
and, subsequently, trihalomethanes. The use of ch lorine dioxide w ill  
be expanded upon in the next section.
Ozone. Ozone is a strong oxidant and does not form 
trihalomethanes. However, the use of ozone does not provide residual 
d is in fec t ion  and is expensive to  implement and operate. Add it iona l ly ,  
as w i l l  be discussed la te r ,  d issociation of ozone produces hazardous 
organics which require removal by activated carbon.
Chloramines. Chloramines are formed as the re s u lt of the 
reaction of ammonia w ith  ch lo rine. Chloramines are weak d is in fec tan ts , 
but do not produce trihalomethanes in that a combined, ra ther than a 
free  ch lorine residual is  produced. Depending on the amount of 
ch lorine added, three chloramines can be produced; monochloramine 
(NHgCl), dichloramine (NHClg), and trich loram ine (NClg). The 
production of trich loram ine  occurs when too much ch lorine is  added per 
u n it weight of airiraonia. In th a t mono- and dichloramine are the active
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d is in fec tin g  agents, the production of the t r ic h i  oramines is  not 
desirable.
pH
The haloform reaction is  base-catalyzed. I t  would be 
expected, therefore , th a t the pH of the water in the treatment tra in  
would have a profound e ffe c t on THM formation. Figure 4 i l lu s tra te s  
the re la tionsh ip  between pH and THM formation. Reduction of pH to  near 
neutral conditions would appear to  be an e ffe c tive  preventative measure 
in THM formation (EPA). This e ffe c t was ve rifie d  by a study performed 
in  Contra Costa County (C a lifo rn ia ) which demonstrated a 50% reduction 
in THM formation by pH adjustment alone (17). Other researchers have 
determined that even in the absence of a free ch lorine residual, THM
formation occurs i f  the pH is raised. They a t t r ib u te  th is  phenomenon 
to formation of ch lorinated intermediates at a low pH tha t hydrolyze to 
form THMs once the pH is  raised (18).
Tanperature
I t  would be expected tha t the temperature o f treated water
would be d ire c t ly  re la ted to  the ra te  of THM form ation. Figure 5 shows 
th is  e ffe c t, demonstrating th a t THM formation nearly doubles between 
3°C and 25°C (EPA). This fa c to r must be taken in to  account, not
because the ambient temperature of the raw water source is  feas ib ly
con tro llab le , but because seasonal flu c tua tions  must be taken into 
account when determining the most e ffe c tive  a lte rn a tive  treatment
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Figure 4. Influence of pH On Chloroform Production (EPA)
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methods. (This fa c to r was used in  the conduct o f th is  research in that 
the p red ic tive  model was based on sampling under high ambient 
temperature cond itions.)
These facto rs  do not, o f course, exhaust the p o s s ib ilit ie s  of 
a ll facto rs which might influence both rates and levels of THM 
formation. Rather, these fac to rs  are those o f which the lite ra tu re  
expresses the most knowledge. Reaction rates are l ik e ly  the key to  a 
better understanding o f p ra c tica l remedial measures needed to control 
and reduce THM form ation. Due to the natural d iv e rs ity  of precursors, 
such an understanding may be d i f f i c u l t  to achieve and, even i f  such is 
achieved, i t  may be d i f f i c u l t  to extrapolate to a prediction of rates 
o f formation fo r  a h ighly diverse aquatic environment.
This portion o f the lite ra tu re  review guided research e ffo rts  
in  tha t i t  was decided to  conduct sampling during periods when the rate 
of formation of trihalomethanes was most l ik e ly  to  be highest (mid­
summer). Also, a water treatment f a c i l i t y  needed to  be selected fo r 
the p ilo t  study which showed s ta b iliz a tio n  of a free  chlorine residual 
fo r  the m a jo rity  o f the d is tr ib u tio n  system availab le  fo r  withdrawal.
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A lternative  Treatment Methods
In that th is  pro ject had the primary purpose of evaluating 
a lte rna tive  treatment methods fo r  a ffecting  the reduction of TTHMs in 
fin ished water, the m a jo rity  of th is  review of the lite ra tu re  w il l  be 
presented in th is  section o f the d isserta tion .
Basica lly , there are f iv e  ways suggested by the lite ra tu re  to 
a ffe c t reduction o f TTHMs: (a) use of d is in fec tan ts  other than
ch lo rine; (b) m odification of ch lo rination  p ractices; (c) u t i l iz a t io n  
o f a combination o f d is in fec tan ts ; (d) precursor reduction a lte rna tive ; 
and, (e) reduction of trihalomethanes a fte r th e ir  formation.
Use of Disinfectants Other Than Chlorine
As mentioned previously, there are p rim a rily  three 
d is in fectan ts other than ch lorine tha t could be p o te n tia lly  used in  the 
water treatment process. These include chlorine d ioxide, ozone, and 
chloramines.
Chlorine D ioxide. In the United States, ch lorine dioxide is 
used p rim a rily  as treatment to control taste and odor problems and has 
lim ited  usage as a d is in fec tan t. In Oklahoma, of the known 
d is in fectan t practices at 163 surface water treatment f a c i l i t ie s ,  93 
percent use ch lorine (72 percent as gas, 11 percent as sodium 
hypochlorite, and 24 percent as calcium hypoch lorite ), while the 
remaining 7 percent use ch lorine dioxide as th e ir  primary d is in fectan t
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(Table A-1, Appendix). Of the plants using ch lorine dioxide in 
Oklahoma, more than h a lf use i t  to maintain a ch lorine residual and 
control taste  and odor. In Europe, ch lo rine  dioxide is used 
extensively to  maintain ch lorine residuals, but most fa c i l i t ie s  
u t i l iz in g  th is  d is in fec tan t are of small size (5 ).
Chlorine dioxide is  more e ffec tive  than chlorine as a 
d is in fectan t over a broader pH range due to  the fa c t tha t ClOg does not 
hydrolyze in water. Further, unlike ch lo rine, ch lorine dioxide does 
not produce THMs. The re s tr ic te d  usage of ch lo rine  dioxide resu lts  
from two major disadvantages; higher costs and potentia l health risks . 
Health r is ks , as assessed by the EPA, re la te  to the by-products 
result ing from the reaction of sodium chloride and chlorine or sodium 
hypochlorite (21). Chlorine dioxide is generated on-s ite, using solid 
sodium c h lo r ite , in one of two ways:
a) Cl2 + H2 O — > HOCl + HCl
HOCl + HCl + 2NaC102 — > 2C1Û2 + NaCl + H2O
b) NaOHCl + HCl — > NaCl + HOCl
HCl + HOCl + 2NaC102 — > 2010% + 2NaCl + H2 O
In the course o f these reactions, both the ch lo rite  and 
chlorate ions are formed and apparently pe rs is t in  the d is trib u tio n  
system. The EPA review indicated uncerta inty about the to x ic ity  of
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ch lorine dioxide, but c lea rly  demonstrated the to x ic ity  of the 
associated anions (22). The e ffect of these two anions appears to  be 
s im ila r , i f  not id e n tic a l, to  the e ffe c t o f the n i t r i t e  ion in  the 
disease methemoglobinemia. The ch lo rite  ion appears to be the primary 
concern. In studies performed by the EPA's O ffice  of Resources and 
Development, the concentration of c h lo rite  ions constituted nearly 50% 
of the residual ch lo rine  dioxide a fte r 23 hours contact time (22).
At the present time, the consensus o f most researchers in  the 
f ie ld  is  that the po ten tia l health risks associated with formation of 
chlorate and c h lo r ite  ions preclude i ts  use as an a lternate
d is in fectan t (21). I ts  use in taste and odor control (pa r t icu la r ly
those resu lt ing  from phenolic compounds) have been shown to be highly 
e ffe c tiv e , but the production of the c h lo r ite  ion should be 
su bs ta n tia lly  reduced by the addition of excess mineral acid (23).
Ozone. As w ith  chlorine dioxide, ozone has lim ited usage in 
the United States, but is extensively used in Europe (24). The 
practice  of d is in fe c tio n  by ozonation is  not used in  Oklahoma at th is  
time.
The use o f ozonation as the sole d is in fe c ta n t practice has the 
obvious disadvantage tha t a residual is  not produced. Its  popu la rity  
as a water treatment method in  Europe emanates from the many benefits 
derived, including primary (in -p lan t) d is in fe c tio n , break-down of
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s u lf ite s  and su rfactants, p re c ip ita tio n  of iron and manganese, removal 
o f tu rb id ity ,  and the oxidation of numerous organic compounds including 
those which produce co lo r, tas te , and odor (25).
Ozone generation may be accomplished by s ile n t e le c tr ic  
discharge in a ir  or oxygen, by e le c tro ly s is  of water, or by u lt ra ­
v io le t rad ia tion  o f a ir  or oxygen. The f i r s t  a lte rna tive  is  generally 
the most u t i l iz e d  because of i ts  higher generation e ffic ie n c y . Ozone 
is  generated by passing a ir  or oxygen between electrodes separated by 
an a ir  gap and a d ie le c tr ic  (usua lly  glass) across which an a lte rna ting  
potentia l of approximately 15,000 vo lts  is maintained. The generated 
ozone can be applied to the v;ater being treated by numerous methods, 
the method used being dependent upon design c r i te r ia  (25).
The formation o f epoxides and organic peroxides, which are 
known to be health hazards, is s trong ly  suggested by the d issocia tion  
o f ozone (25). Other researchers have suggested an increased incidence 
o f skin tumors in  mice and an increased mutagenicity (Ames Test) 
re su ltin g  from ingestion o f ozonated water (26), (27). The lite ra tu re  
cons is ten tly  concurs in the fin d ing  th a t, in the event tha t ozonation 
is  u t i l iz e d , the formation o f unknown organic compounds, many o f which 
might cause acute or chronic health e ffe c ts , d ictates the removal of 
such potentia l compounds by activated carbon (26). Furthermore, in  
tha t a residual d is in fec tan t is  not maintained, some type of 
ch lo rina tion  would have to  be u t i l iz e d  before de livery  o f fin ished
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water to  the d is tr ib u tio n  system. Ozone u t i l iz a t io n  could be 
considered, there fore , as an expensive a lte rna tive  to p re -ch lo rina tion .
Chloramines. S urpris ing ly , the use o f chloramination as a 
d is in fec tion  method is ra re ly  used in the United States or in  Europe. 
At the time o f th is  research, i t  was not being used in  Oklahoma.
Chloramination as a d is in fec tio n  process reached peak usage in the 
United States between 1929 and 1939, but was the rea fte r v ir tu a lly
elim inated due to both d if f ic u l t ie s  encountered in  breakpoint 
ch lo rina tion  (form ation o f NCl^) and the d i f f ic u l t y  in  obtaining
ammonia compounds a fte r the outbreak of World War I I .
As was discussed in the previous section, the combination of 
ammonia w ith ch lorine produces three chloramines; mono-, d i- ,  and
trich loram ine. Monochloramine is  a more powerful d is in fec tan t than 
dichloramine, while the NClg specie has l i t t l e  or no d is in fec tin g  
power. The production of trichloram ine occurs at breakpoint 
ch lo rina tion  which is dependent upon both chlorine-to-ammonia ra tio s  
(dose rates) and the pH of the treated water. The best d is in fec tan ts , 
monochloramine and dichloramine, are formed at a pH of 7.0 with a 
ch lorine to  ammonia feed ra tio  of approximately 4:1 on a weight fo r 
weight basis. Table 1 shows the chemical equ ilibrium  between mono- and 
dichloramine and the pH dependency of th is  equ ilib rium . Table 2 shows 
various feed rates required to achieve the specified combined residuals 
based on flow .
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Table 1. Monochloramine/Oichloramine E qu ilib ria
ZNHgCl + Î  Nh/  + NHClg
pH % as NH2 CI
5 16
5 38
7 63
8 84
9 94
Reference: W illiam  H. Glaze, Ph.D., U niversity o f Texas at Dallas.
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Table 2. Chlorine and Annonia Feed Rates (lbs/day) To Achieve 
Specified Combined Residual
1 .9  mg/1 2 .0  mg/1 2.1 mg/1
FLOW Cl 2  NH3  Cl 2  NH3  Cl 2  NH3
4 63 16 67 17 70 18
6 95 24 100 25 105 26
8 127 32 134 34 140 35
10 159 40 167 42 175 44
15 238 59 250 63 263 66
20 317 79 334 83 350 8 8
25 396 99 417 104 420 105
30 476 119 500 125 525 131
Reference; W illiam  H. Glaze, Ph.D., University o f Texas at Dallas.
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The formation o f monochloramine produces a combined chlorine 
residual in the d is tr ib u tio n  lines which, while  not as powerful a 
d is in fec tan t as free  ch lo rine , does provide a high degree of 
p ro tection. As is  the case with ozone and ch lorine dioxide, 
trihalomethanes are not produced by the use o f chloramination (28).
Comparative Disinfectant E ffic iency
The foregoing discussion brings to issue the in i t ia l  and 
residual d is in fec tin g  power of these three d is in fe c tio n  a lterna tives. 
G. C. White (29) has determined the fo llow ing  ranking in order of 
decreasing e ffic ien cy :
Ozone >C10;> H0C1> 0C1"> NHClp> NH^Cl
Note: There is disagreement in the lite ra tu re  as to whether mono- or
dichloramines is  the more powerful d is in fec tan t.
Basica lly , d is in fec tan t e fficacy re la tes  to  two facto rs : 
oxidation potentia l and chemical d issociation. Not a l l  chemicals with 
a high oxidation po ten tia l are good d is in fe c ta n ts , but germicidal 
a c t iv ity  is  d ire c t ly  re la ted  to  th is  phenomenon (30). The oxidative 
potentia l is  re lated to the surface reaction which occurs when the 
molecule comes in contact w ith a microorganism, while  d issociation 
re lates to  the a b i l i t y  of the molecule to  penetrate and disrupt 
c e llu la r  in te g r ity . Anions are poor d is in fec tan ts  because of the
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preclusion of approach and d iffu s io n  through the cel 1 membranes. The
three most e ffe c tive  germicides, ozone, ch lo rine  dioxide, and 
hypochlorous acid, a l l  have high oxidation po ten tia ls  and are
undissociated, while the chloramines, though d issociated, have a low 
oxidation p o te n tia l. This low oxidation potentia l reduces the a b i l i t y  
of the chloramines to  completely inactiva te  pathogens or to  prevent 
regrowth in  d is tr ib u tio n  systems (30).
A second fac to r which must be taken in to  account in  the 
consideration of a lternate d is in fectan ts  is the comparative resistance 
o f microorganisms to  d is in fe c tio n . White (29) provided a ranking in  
order of decreasing resistance, as fo llow s:
protozoan cysts > enteroviruses > en te ric  bacteria
Research is  cu rren tly  underway to  precisely determine d is in fec tan t 
e fficacy  o f various d is in fec tan ts , but is  not ye t availab le . Of
pa rticu la r concern are the po lio  v irus , hepatitus v iru s , and the cysts
o f Entamoeba h is to ly t ic a  and Giardia lamblia (31).
I t  is  apparent, from a search of the lite ra tu re  in regard to  
u t i l iz a t io n  of a lternate  d is in fec tan ts , tha t to ta l subs titu tion  of 
ozone, ch lorine dioxide, or chloramines fo r ch lo rine  is  a hazardous 
decision and one tha t would be made without s c ie n t i f ic  basis at th is  
point in  time. A more su itab le  a lte rna tive  would be to e ithe r modify
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the treatment process such that points of ch lo rin a tio n  ( in -p la n t) could 
be moved downstream o f precursor removal and/or to use a combination of 
ch lorine w ith an a lterna te  d is in fe c ta n t. I t  must be kept in mind that 
p re -d is in fec tion  is  used p rim a rily  fo r  the purpose o f co n tro lling  algal 
growths in  f i l t e r  beds, in -flow  lin e s , and sedimentation basins, and 
not fo r  destruction o f pathogens. Of the three a lterna te  d is in fectants 
which could be substitu ted fo r  th is  purpose, only chloramination has 
not been shown to produce by-products which are health hazards.
Modification of Chlorination Practices
The lite ra tu re  reviewed does not extensively address the 
p la u s ib i l i t y  of modifying ch lorinat ion practices with respect to points 
of application. Basically, the theme of most studies was to move 
chlorinat ion a fte r  a portion of precursor material had been removed.
These studies showed reductions in trihalomethane formation, but did
not account fo r  anticipated d if f ic u l t ie s  associated w ith conventional 
plant operations such as reduced e ffic ie n cy  o f coagulation, removal of 
taste and odor, f i l t e r  bed and c la r i f ie r  fo u lin g , and the most c r it ic a l
issue of d is tr ib u tio n  lin e  d is in fec tio n  residuals.
I t  is  d i f f ic u l t ,  in fa c t, to  fe rre t out th is  information from 
the lite ra tu re  in that i t  is  seldom addressed s in g u la rly , but rather 
u t i liz e d  as an adjunct to  some other p ilo t  study issue. For example, 
the u t i l iz a t io n  o f granular or powdered activated carbon in precursor 
reduction has been repeatedly studied and often the researcher w il l
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have included moving the point of ch lo rination  below the flash mix area 
or GAC fixed  f i l t e r  bed. In other studies that w i l l  be discussed and 
referenced la te r ,  the e ffects  of oxid iz ing precursors frequen tly  
Includes re loca tion  o f the po ln t(s) of ch lo rina tion . However, the key 
concern In such studies was not to assess the simple process o f
movement of the ch lo rina tion  po in t(s ), but to assess the e fficacy  o f
oxidants, adsorbents, or coagulant aids. One of the objectives of th is  
research was to  contribute knowledge to that aspect s ingu la rly  In th a t 
such research Is  lacking In the lite ra tu re .
U tiliz a tio n  o f a Combination of Disinfectants
As with modif ication of point(s) of ch lorination, the 
l i te ra tu re  does not show a great deal of research in the area of 
u t i l i z in g  a combination of d is in fectants. In pa r t icu la r ,  the use of
chlorine and chloramines at various key points in the treatment t ra in  
has not been well researched. As has been previously mentioned, the 
use o f singular d is in fec tan t a lterna tives has been extensively studied, 
but what would appear to be the most log ica l approach — combinations 
of d is in fec tan ts  - -  has been neglected as a d is in fectan t a lte rna tive .
The ro le  of d is in fectan t/ox idants In water treatment practices 
must be borne in  mind:
1. Pre-chlor1nat1on Is used fo r  a va rie ty  of purposes. 
Including the contro l of algae growth In f i l t e r  beds and 
sedimentation basins, in the control of b io -fou ling  In
33
water lines from the raw water source to the water 
treatment p lant, as an oxidant to ass is t in iron and 
manganese removal, to enhance coagulation e ffic ie n cy , and 
to  help contro l taste and odor problems.
2. Post-ch lorination is  used to  ensure tha t chlorine
residuals are maintained in the d is tr ib u tio n  system in 
order to  provide protection against growth o f bacteria l 
slimes or recontamination of the fin ished water.
In u t i l iz in g  some combination of d is in fec tan ts , then, i t  is  
necessary to bear in  mind what d is in fectants might replace chlorine or
what other oxidants or coagulant aids might replace chlorine, or what 
d is in fectant in post-chlorination might replace chlorine, and s t i l l
achieve the best e f f luen t water qua li ty  while reducing THM formation. 
Again, the lite ra tu re  is  lacking in addressing these issues s ingu la rly  
and such issues constitu te  other objectives of th is  research.
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Precursor Reduction Alternatives  
and Trihalomethane Reduction A fter Formation
The lite ra tu re  is rep lete in consideration of the u t i l iz a t io n  
o f reduction o f precursors and other organics by activated carbon, 
e ithe r by Granular Activated Carbon (GAC) adsorption or by Powdered 
Activated Carbon (PAC) in  the flash-m ixing area. Less information is 
availab le on the e fficacy  o f organics removal by synthetic carbonaceous 
adsorbents, ion exchange res ins , and polymeric adsorbents. Rather than 
re ite ra te  the e fficacy  o f each treatment a lte rna tive , th is  section w il l  
attempt to  compare removal e fficacy  based on a lite ra tu re  search.
Adsorption by Activated Carbon 
Granular Activated Carbon (GAC). In recent years, GAC has 
been used fo r  removal of trihalomethanes a fter the ir  formation and for 
removal of precursor m ateria ls p rio r to ch lo rina tion . Rook (1965) 
determined in his studies tha t e ffic ienc ies  of greater than 95% in 
trihalomethane removal were achieved over a three-week period, while 
Symons (1976) showed s im ila r resu lts  in lim ite d  studies. However, 
numerous laboratory te s t studies and pi lo t -p i ant studies have shown 
th a t GAC performs poorly in  the removal of humic substances and other 
organic matter present in  the raw water source (12), (32), (33), (34). 
I t  would seem appropriate to review the find ings of th is  research in 
order to  present a working knowledge of the facto rs a ffecting  the 
adsorption mechanisms o f GAC.
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GAC pore-size d is tr ib u tio n  appears to  be one o f the key 
factors a ffec ting  the adsorption process. Studies performed by Lee et 
a i. (1981) at the U nive rs ity  o f I l l in o is  evaluated th is  facto r 
u t i l iz in g  adsorption isotherm te s ts . The study was p a rtic u la r ly  
informative in  tha t pore-size d is tr ib u tio n  was evaluated both p rio r to 
and fo llow ing coagulation in  order to assess the e ffe c t o f alum on 
adsorption (35). Their study showed that the adsorption capacity and 
the rate o f uptake of humic substances increased as the molecular
weight decreased, th a t pore volumes in  pores w ith  a radius o f less than 
70 Angstroms correlated w ith  adsorption capacity of GAC fo r  precursors 
w ith a molecular weight o f less than 1,000, while pores w ith a radius 
of less than 40 Angstroms correlated with adsorption capacity of GAC 
fo r  precursors with a molecular weight of greater than 50,000; and,
that alum coagulation enhances adsorption capacity and the rate of
uptake of GAC, thus increasing bed l i f e ,  due to the aluminum ion
causing the humic molecules to aggregate. This inverse re la tionsh ip  of 
carbon p a rtic le  size to adsorption capacity o f GAC was also reported by 
Weber et a l. (36).
Other facto rs a ffe c ting  GAC adsorption capacity were studied 
by McCreary and Shoeyink (37). Their studies indicated tha t higher 
phosphate cation concentrations reduce repulsive forces at the carbon 
surface. Black and Christman (38) demonstrated in  th e ir  studies that a 
decreased pH causes aggregation of humic substances, thus increasing 
ind iv idua l p a rtic le  size and thereby enhancing carbon adsorption
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capacity. These e ffects  o f a varying pH were elucidated by Schnitzer 
and Kodama (39). Their studies suggested tha t at a pH less than 4, 
fu lv ic  acid behaves lik e  an uncharged molecule. As the pH increases, 
attached functiona l groups are ionized to  form a larger negative charge 
on the macromolecule. This ion iza tion /increas ing  pH re la tionsh ip  is  
th e o re tic a lly  lin e a r. Consistently, the lite ra tu re  shows th a t, as 
would be lo g ic a lly  assumed, the adsorption capacity of GAC is  d ire c t ly  
related to any condition which e ffects the ion ic  charge on precursors 
or other substances in  the raw water source p r io r  to or fo llow ing alum 
coagulation.
Oxidation of precursor material p r io r  to GAC adsorption has 
also been investigated by a number of researchers. Wilson (40) 
investigated GAC adsorption of fu lv ic  acids pre-oxidized with hydrogen 
peroxide. His find ings suggested tha t pore exclusion of the organic 
molecules, resu ltin g  from oxidation, caused the empirical find ing  o f a 
marked decrease in removal e ffic ie n cy . Benedek (41), on the other 
hand, showed in  a p ilo t  study that no s ig n ifica n t d ifference was 
observable as the re su lt of precursor oxidation before GAC adsorption. 
Studies on the e ffects  of pre-GAC ozonation have shown biodégradation 
o f precursors and other organics was enhanced on GAC f i l t e r s ,  
presumably due to  organics being rendered more biodegradable by 
ozonation. The lite ra tu re  suggests, there fore , that the e ffec t of 
ox id iz ing  precursors p rio r to  GAC adsorption is  not well understood and 
that various research findings are in c o n f l ic t .  One of the major
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reasons fo r  th is  c o n flic t  in  findings is that the e ffec ts  due to 
ozonation have not been delineated from the adsorption process. That 
is ,  while i t  is  apparent th a t biodégradation o f organics on the f i l t e r  
bed ma}' be enhanced by oxidation of organic molecules to more
biodegradable substances, i t  is  also apparent tha t oxidation may cause
pore exclusion in  the f i l t e r  bed and thus reduce surface area fo r 
organic carbon/microbial in te rac tion . An ERA study attempted to  make 
th is  delineation in a p ilo t  study, concluding tha t ozonation enhanced 
the removal o f organics in  the raw water, but not necessarily by 
increasing b io -a c t iv ity . Their study suggested that the in te rac tion  of 
p a rticu la te  and dissolved organic matter may have been influenced by 
ozonation, thereby increasing f i l t e r  e ff ic iency. This study did not, 
however, c la r i f y  the issue of what factors are actually involved in 
a ffecting GAC adsorption capacity by oxidation.
The e ffica cy  of removal of trihalomethanes or precursor
m aterials by GAC fixed f i l t e r s  appears, from a search of the 
li te ra tu re ,  to  be somewhat in  question. A preponderance of research 
has, however, demonstrated th a t GAC e ffe c tiv e ly  removes THMs and other
organic substances. What appears to be in question is e fficacy  which, 
by d e fin it io n , implies more than short-term reduction at high operating 
costs. That is ,  few factors a ffecting  the GAC adsorption process are 
understood and what is known is that many water treatment processes 
have adverse or enhancing actions on adsorption. I t  is  also known
th a t, regardless of attenuating actions, GAC f i l t e r
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bed lives  are short-term and the f i l t e r  media must be replaced or 
reactivated frequen tly , causing high operating costs.
One o f the more alarming aspects of the use of GAC f i l t e r s  in 
the water treatment process is  the phenomenon o f breakthrough or 
sloughing of accumulated intermediates from the f i l t e r  bed. The 
practice o f ch lo rina tion  p rio r to  GAC adsorption has been shown to have 
a s ig n ific a n t e ffe c t on adsorption capacity in  the upper leve ls o f the 
f i l t e r  bed, such e ffec ts  including increased su lfu r oxide production, 
increased h y d ro p h ilic ity  o f the carbon, in h ib it io n  o f biodégradation, 
and the decreased capacity in the upper bed causing deeper penetration 
o f organics and e a r l ie r  breakthrough (42). In a study of Philadelphia 
drinking water, Yohe et a l.  demonstrated that organics were actua lly  
increased by using GAC f i l t e r s ,  p a r t icu la r ly  when pre-ch lorination was 
practiced (42). The issue of desorption in GAC f i l t e r  media is ,  from a 
public health viewpoint, probably the most c r i t ic a l  concern in  using 
such f i l t e r s  and, from a search of the lite ra tu re  at the time of th is  
research, has received the least a tten tion . I t  would be d i f f i c u l t  to 
ascertain at p recise ly  what point in time desorption begins, based on 
the va rie ty  o f facto rs which influence breakthrough and such factors 
being in f in i te ly  variab le depending on the type o f water treatment and 
chemical character of the raw water source u t iliz e d .
Based on the technical research and the d ir th  o f information 
on breakthrough products emanating from sloughing GAC f i l t e r s ,  i t  is
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the opinion o f the author that the use of GAC f i l t e r s  fo r  removal of 
precursors or THMs is  not an acceptable a lte rna tive  at the time of th is  
research.
Powdered Activated Carbon (PAG). There has been lim ited  
research on the use o f PAC as a treatment method fo r  removal of 
precursor m ateria ls or trihalomethanes as the re s u lt o f a "w r ite -o f f"  
by the EPA in  1978 and 1979 (43) (44). This w r ite -o ff  resulted from 
two studies conducted by EPA which concluded th a t "u n re a lis t ic a lly "  
high feed rates o f PAC would be required to e ffe c tiv e ly  reduce e ithe r 
precursor or THM leve ls . However, as was mentioned in the discussion 
of GAC adsorption, a number of factors influence the e ffic ien cy  of 
carbon adsorption. Among these fac to rs , i t  was noted that pore size 
was one of the more c r i t ic a l  po ints. In the EPA studies, only one type 
of PAC was u t iliz e d , thus lim it in g  the v a lid ity  of th e ir  conclusion.
Optimization o f PAC pore size fo r removal of target precursors 
and THMs was developed and tested at the Kanawha Valley water treatment 
p lant in  Charleston, West V irg in ia  by Anderson et a l. (45). This study 
demonstrated that th is  p a rticu la r PAC formulation was h igh ly e ffe c tive  
at low feed rates in  THM reduction, p a rtic u la r ly  when the point of 
ch lo rina tion  was moved downstream of the carbon s lu rry  application 
point. This would suggest tha t th is  PAC form ulation is more e ffe c tive  
in precursor removal than in  THM removal, although the study concluded 
tha t the PAC form ulation was e ffe c tive  in removal o f both precursors
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and THMs.
The major disadvantage o f the use of any PAC formulation in 
THM reduction is  tha t the carbon s lu rry  must be disposed of w ith the 
backwash from f i l t e r  beds. This presents the problem of more stringent 
containment of a ll backwash water in order to prevent leaching of 
adsorbents to  groundwater. Furthermore, the lite ra tu re  does not show 
extensive tes ting  of th is  a lte rn a tive , thus i t  is  d i f f ic u l t  to evaluate 
a va rie ty  of research on th is  treatment technique in order to a rrive  at 
an unbiased conclusion. Therefore, at the time of th is  research i t  
must be assumed that the usage o f PAG formulation targeted fo r removal 
of precursors or THMs is not a feasib le treatment alternative due to 
l im ited research and the unknown economic impacts of adding carbon
feeders and adequate containment of f i l t e r  backwash wastewater. 
Nevertheless, i t  is  conceivable tha t the specia lly  formulated PAC used
in the referenced study may prove to be an e ffec tive  a lte rna tive
treatment method in the near fu tu re .
Synthetic Carbonaceous Absorbents (SCA). SCAs are formed by 
p a rtia l pyro lysis of macroporous polymer beads and have been tested in 
fixed  f i l t e r  beds as an a lte rna tive  to GAC. The focus on one 
p a rticu la r SCA, XE-340, manufactured by a Philadelphia firm , resulted 
from the fin d ing  tha t th is  adsorbent is  p a rtic u la r ly  e ffec tive  in 
removal of low molecular weight compounds associated with drinking
water (e.g. d i-  and tr ic h lo r in a te d  ethanes). The fundamental flaw in
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a ll cu rren tly  availab le SCAs is  that they do not remove THM precursors 
and are only m arginally e ffec tive  in removal of chloroform, the 
predominant THM specie o f concern in  fin ished drink ing  water. SCAs are 
mentioned here only in a preclusive context in th a t they must be deemed 
not feas ib le  as an a lte rna tive  method fo r  THM reduction.
Ion Exchange Resins. Raw water used in water supplies
generally contains predominantly neutral and ac id ic  organic species. 
Leenheer and Huffman (46) c lass ified  organic components of surface 
water in to  hydrophobic and hydrophilic fra c tio n s , fu rth e r s tra t ify in g  
frac tions  as basic, neu tra l, or acid. Their c la s s if ic a tio n  supports 
the premise that the major organic content of raw water supplies
consists of neutral and acidic species. Basic (cationic) exchange
resins, fo r  th is  reason, have been studied fo r  e ff icacy in precursor 
removal.
Resins are c la s s ifie d  as to weak-base or strong-base, with the 
usage of a p a rticu la r type being dependent upon the pH of the raw water 
source. Weak base resins are commonly comprised of poly-acrylamide or 
phenol-formaldehyde matrices with secondary or te r t ia ry  amine 
functiona l groups which serve as ion exchange s ite s . Preloading of
weak-base resins with acid is required fo r optimum ion exchange in tha t 
the pKs o f the amine functiona l groups are generally outside the range 
of in te res t fo r  water treatment (pH of approximately 6). Free-base
forms (not preloaded) have been found to  be much less e ffec tive  than
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the acid forms (46). Strong-base resins d if fe r  from weak-base resins 
in having quartenary amine functiona l groups which operate as anion 
exchange s ite s  over a much broader pH range. I t  would seem th a t the 
log ical assumption would be to exclusively u t i l iz e  the strong-base 
res in . However, i t  also fo llows tha t the high exchange a f f in i t ie s  
exhibited by strong-base resins can cause concommitant d if f ic u l t ie s  
w ith respect to regeneration. Nevertheless, various researchers have 
shown from 46% to  50% reduction in organic carbon from raw water 
sources using strong-base res in  (47) (48). Therefore, strong-base 
resins appear to be an a ttra c tiv e  a lterna tive  in precursor removal, but 
fu rthe r research is  needed in the area of regenerab ility  and degree of 
fouling. The l i te ra tu re  indicates that the basic imbroglio in regard 
to ion exchange resins is a trade-off between capacity and 
regenerabil ity .
Polymeric Adsorbents. Polymeric adsorbents d if fe r  from ion 
exchange resins in  th e ir  lack of ion ic functiona l groups. The 
lite ra tu re  ind icates tha t these adsorbents have performed exceedingly 
well at concentrating organic pollu tants w ith subsequent desorption 
exceeding GAC (46) (49). That is ,  activated carbon usually shows
higher adsorption capac ities , but has a much lower measure of 
re v e rs ib il i ty  than does polymeric adsorbents. However, studies by 
Boening et a l. (50) have shown that polymeric adsorbents show l i t t l e  
promise in water treatment application in the context o f th is  paper in 
that these adsorbents have in s ig n ific a n t capacity fo r  humic substances
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and even less capacity fo r  chloroform. S ta tis t ic a l analysis o f 
isotherm data of various adsorbents by Weber et a l. (35) have also 
shown th a t polymeric adsorbents behave poorly in adsorption capacity 
fo r  target precursor substances.
In summary, precursor removal by activated carbons, syn the tic  
carbonaceous adsorbents, ion exchange resins, or polymeric adsorbents 
do not appear at the time of th is  research to be feas ib le  measures fo r  
accomplishing the ob jective  of reduction of TTHM reduction in fin ished  
drinking water. The reasons fo r  th is  conclusion, based on a l i te ra tu re  
search regarding e fficacy  of treatment of these methods, are th a t, (a) 
the method is cos t-p roh ib it ive ; and/or (b) the method has not been 
s u f f ic ie n t ly  proven in i ts  capacity or re v e rs ib i l i t y  (desorption); 
and/or (c) the method has been shown to be marginally e f fec t ive  in  
reducing precursors to preclude TTHM formation.
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CHAPTER I I I  
METWDS AND MATERIALS 
PROGRAM DESCRIPTION
Numerous water treatment fa c i l i t ie s  in  Oklahoma are cu rren tly  
attempting a lte rna tive  treatment methods with the objective  of reducing 
Total Trihalomethanes (TTHMs) in fin ished water to obtain compliance 
with the 100 part per b i l l i o n  TTHM primary drinking water standard 
throughout the ir  d is t r ib u t io n  systems.
Since there are numerous suggested methodologies fo r 
accomplishing th is  ob jec tive , m un ic ipa lities  and rura l water d is t r ic ts  
are often confronted w ith  a confusing array o f a lterna tives fo r  TTHM 
reduction. These systems do not have adequate information as to the 
most cost e ffe c tive  treatment methods. They also lack the fa c i l i t ie s  
or resources to determine treatment e ffic ien cy  of a lte rna tive  methods 
to  reach a co s t-e ffe c tive  decision.
The th ru s t o f th is  research e ffo r t  was to focus on a lte rna tive
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treatment methods which might preclude the necessity fo r  in s ta lla t io n  
of re la t iv e ly  expensive reaction un its  fo r e ither precursor or TTHM 
removal (e.g. GAC or PAC). Based on a knowledge o f the facto rs  which 
are known to influence the ra te  o f TTHM formation, combined w ith 
knowledge obtained from previous research on in -p lan t TTHM form ation, 
the research was aimed at treatment tra in  m odifications which might 
ju s t as e ffe c tiv e ly  reduce the ra te  o f TTHM formation w ith in  the plant 
and subsequently in  the d is tr ib u tio n  system.
In order to accomplish th is  ob jective , i t  was necessary to 
design an experimental model which shed information on TTHM formation
based on the use of numerous a lterna tive  treatment methods with the 
intent of determining the most e f f ic ie n t  method. The experimental 
design included the fo l low ing considerations:
1. To preclude complications presented by s p l i t  flow s, the
old Medicine Park water plant (1939) was taken out of 
operation and only the new Medicine Park water p lant 
(1959) was operated during the period of the study.
2. Chlorination and coagulation processes were a ltered  in
various ways to  determine the e ffic iency  of TTHM removal.
A. Chlorination
1. The point o f in -p lan t ch lo rination  was moved
from the head of the plant to  ju s t ahead of the 
f i l t e r s .
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2. A combined chlorine residual u t i l iz in g
chloramines throughout the treatment processes 
was used in  place of free  ch lorine residuals to 
reduce in -p la n t TTHM formation.
3. Post-chlorination was kept constant in  both the 
above a lte rna tives in  order to assure free 
chlorine residuals in  the d is tr ib u tio n  system.
B. Coagulation Aids
1. The most e ffe c tive  dosages of cu rren tly  used
coagulant aids were determined by using ja r  
te s ts .
2. These dosages were then applied on- line  in the 
plant to determine th e ir  e f fec t on TTHM 
reduction in the d is t r ibu t ion  system.
3. An a lte rna tive  coagulant a id, Betz 1190
polymer, was ja r-tes ted  to determine its  
e ffe c tive  dosage and applied on-line  in  the 
plant to determine the e ffect of th is  a lternate 
coagulant aid in reducing TTHMs. L ite ra tu re  
had indicated Betz 1190 to be e ffe c tive  in
removal o f compounds in  the molecular weight 
range of TTHM precursors.
Study Design
Based on theo re tica l considerations, the design o f the
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experiment was oriented toward defin ing the e ffects o f ch lo rina tion  and 
coagulation variables while maintaining a constant post-ch lo rination  
dosage ra te  to  maintain a free  ch lo rine  residual in  the d is tr ib u tio n  
system. In order to accomplish th is  ob jective , the study design 
provided fo r  d iv is ion  of the study in to  a five-phase experimental 
methodology to te s t one or more variables while maintaining one or more 
treatment processes constant. Based on data collected from various 
points in the d is tr ib u tio n  sytem, a s ing le -fa c to r Analysis of Variance 
could be performed using six treatments and f iv e  rep lica tes . The f iv e  
phases of experimentation consisted of the fo llow ing:
Phase 1: Pre-chlorination was discontinued and mid-point
ch lorination was ins t i tu te d .  Coagulation aid dosages, predetermined by 
ja r  tes ts , were optimized and held constant throughout a l l  f iv e  phases 
o f the design.
O bjective: To determine whether improved coagulation would
reduce precursor levels in the raw water such th a t, in combination with 
moving the point of in i t ia l  ch lo rin a tio n , a reduction in  the level of 
formation o f TTHMs in the plant and d is tr ib u tio n  system could be 
rea lized.
Phase 2: P re-ch lo rination  was re in s titu te d  and mid-point
ch lo rina tion  was terminated while improved coagulation was held 
constant.
Objective: To d if fe re n tia te  between the e ffects  of pre-
48
ch lo rin a tio n  and m id-point ch lo rination  while improved coagulation was 
held constant.
Phase 3: Pre-chloramination was tested as an a lte rna tive  to
pre -ch lo rina tion  w ith  chlorine gas. This was accomplished by the 
add ition  o f ammonium su lfa te  in the flash  mixing area immediately
downstream o f the ch lorine gas in je c tion  po in t.
Objective: To determine whether the use of combined ch lorine
is as e ffe c tiv e  as free  chlorine in c o n tro llin g  algae on f i l t e r  beds 
and in  sedimentation basins, while concurrently assessing levels of
TTHM formation in the p lant.
Phase 4: Pre-chloramination was discontinued and pre­
ch lo rinat ion  was re ins t i tu te d .  An alternate coagulant aid, a cation ic 
polymer, was u t i liz e d  in place of Cat-Floc A (Calgon).
O bjective: To determine whether the use of an a lternate
coagulant aid could, in  and of i t s e l f ,  reduce precursor levels 
s u ff ic ie n t ly  to s ig n if ic a n t ly  reduce TTHM levels in the plant and in
the d is tr ib u tio n  line s .
Phase 5: Pre-chloramination was re in s t itu te d . Cat-Floc A
polymer (the usual ca tion ic  coagulant aid) was discontinued and Betz
1190 was substitu ted  in  i ts  place.
O bjective : To determine whether Betz 1190 acted more
e f f ic ie n t ly  as a coagulant aid than Cat-Floc A in conjunction w ith pre- 
chloram ination.
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Field Sample Collection
The methodology of sample co lle c tion  fo r  THMs consisted of 
co lle c tion  o f samples in 40 m i l l i l i t e r  te s t tubes sealed w ith te flo n  
lined screw caps with a septum fo r sample withdrawal. Prior to f ie ld  
co lle c tio n , the tubes and caps were heated at 200°C fo r  two hours in 
order to remove trace contaminants which might produce interferences 
during analyses. A few grains of sodium th io su lfa te  were added to  the 
tubes p rio r to  sample co lle c tion . The samples were collected from 
points in  the d is tr ib u tio n  system by adding f iv e  m i l l i l i t e r s  o f sample 
to each tube. The tubes were shaken fo r several minutes to mix the 
water sample w ith the sodium th io su lfa te . The sodium th iosu lfa te  acts 
to prevent any fu r the r  THM formation. Upon transport to the 
laboratory, iso-octane was added to each sample tube in order to 
extract the haloform frac t ion  and an aliquot of 5 m icro lite rs was 
withdrawn by syringe. The f iv e  m ic ro lite r  a liquo t was then in jected 
d ire c t ly  in to  the port of a gas chromatograph fo r  analysis.
Sample Extractions and Analyses
Sample extraction procedures and analysis fo r  trihalomethanes 
were taken from the Federal Register; Control of Trihalomethanes in 
Drinking water; Final Rule (Part I I I ) ;  November 29, 1979 (9).
Extraction Procedures. Before deciding upon the extraction  
method to be u t i liz e d , samples of the raw water sources were treated 
thusly:
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1. Ten m i l l i l i t e r s  of sample were removed through the septum 
w ith a syringe and needle.
2. In to  a v ia l ,  two m il l i l i t e r s  o f iso-octane were measured 
and a ten m i l l i l i t e r  aliquot o f sample was added giving a 
5:1 d ilu t io n .
3. V ia ls were sealed with teflon-coated caps and inverted 
several time to extract THMs w ith iso-octane.
4. For each run, a set of not less than s ix  standards o f 
known concentrations between two and 300 ppb, one blank, 
and one spiked deionized water sample were prepared in 
methanol and extracted with iso-octane (L iquid-Liquid 
Ex trac t ion ).
5. A f ive  m ic ro l i te r  aliquot of sample was injected, by
d irec t in je c tio n , into a Hewlett-Packard 5880 Gas 
Chromatograph (GC) with dual Electron Capture (EC) 
Detectors. The purpose of th is  analysis was to determine 
i f  halogenated compounds (e.g. trich lo roe thy lene) were 
present in  the raw water source in  s u ffic ie n t 
concentrations ( i.e .  10 ppb or greater) to  cause
interference in analysis using the liq u id - liq u id  
extraction  method.
6. Figure 5 i l lu s tra te s  the mechanisms by which extraction 
and analysis methods determinations were made. In the 
event th a t halogenated compounds were detected in the raw 
water source, the purge and trap  method was u tiliz e d  with
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Figure 6. Extraction and Analysis Method Determination
RAW WATER 
SOURCE SAMPLE
UQUED-UQUID
EXTRACTION
ANALYSIS
GC ANALYSIS 
(HP 5880 with EC Detectors)
CHLORINATED HYDROCARBONS 
DETECTED AT >  10 ppb
CHLORINATED HYDROCARBONS 
DETECTED A T <  10 ppb
DSTSJBUTIO il POEJT 
SAMPLES
PURGE a  TRAP 
METHOD
TRACOR 560 GC
DUAL HALL DETECTORS
LIQ UID-LIQUID
METHOD
HEWLETT-PACKARD 5880 GC 
DUAL EC DETECTORS
THM ANALYSIS
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a Tracor 550 GC using Dual Hall Detectors. Hall 
Detectors are designed fo r  s p e c ific a lly  detecting 
halogens, while the purge and trap  method increases 
s e n s it iv ity .  In the event tha t the raw water source did 
not contain halogenated compounds, the liq u id - liq u id  
extraction  method was used with a Hewlett-Packard 5880 GC 
using Dual EC Detectors.
Precise experimental procedures fo r  the purge and trap method 
u tiliz e d  were taken from Volume 44, Number 231 o f the Federal Register, 
pages 68672-68682, and fo r  the l iq u id - liq u id  extraction  method from
pages 58683-58589. The decision flow-chart is derived from the same 
Federal Register, Part I I .  3, Interferences, page 58683. Figures 7 and 
8 i l lu s t r a te  the Purge-Trap System in both the Purge-Sorb and Desorb 
Modes, respective ly .
Figure 9 shows an actual run on one sample fo r 
trihalomethanes.
Analytical Quality Control
A ll analyses were performed fo r  th is  research by the OSDH 
State Environmental Laboratory. The Laboratory is  c e r t if ie d  by the 
Environmental Protection Agency fo r monitoring public water supplies, 
including the analysis of trihalomethanes on an annual basis. The 
c e r t if ic a t io n  procedure includes on-site  inspections by a team of EPA
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technical personnel, in te r-la bo ra to ry  q u a lity  assurance check samples 
and in tra -la bo ra to ry  procedures o f q u a lity  assurance including sp iking, 
sample recovery, re p lic a te  sample analysis, and reference standards.
THM analyses were run in sets of ten. Each set of ten samples 
included one dup lica te , two spiked samples fo r  precision and percent 
recovery, and one reference standard. A set o f reference standards, a 
minimum of s ix , in  concentrations ranging from two to  300 ppb were run 
at the beginning o f each day. Precision of analyses was determined by 
the d ifference o f the two spiked samples concentrations. The accuracy 
of the te s t was determined by percent recovery.
Completed data were u t i l ize d  to p lo t QA charts to insure that 
tests were in con tro l.
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CHAPTER IV 
RESULTS AND DISCUSSION 
INTRODUCTION
The objective  o f th is  research pro ject was to determine 
whether selected a lte rna tive  treatment methods in the production of 
fin ished  drinking water might e ffe c tiv e ly  reduce levels o f formation of 
trihalomethanes to below the 100 ppb Maximum Contaminant Level (MCI) on 
an annual mean basis. In order to accomplish th is  objective, i t  was 
f i r s t  necessary to select that quarter of the year during which 
observed data from numerous water treatment f a c i l i t ie s  in  Oklahoma 
showed the highest levels o f TTHMs. Table 3 shows tha t of the 27 
fa c i l i t ie s  monitored, 26 showed the highest levels of TTHMs during the 
fourth  quarter of the Water Year (July through September). These 
fa c i l i t ie s  were not randomly selected. They are f a c i l i t ie s  which (a) 
u t i l iz e  surface water alone or in conjunction with ground water as 
th e ir  raw water source; and, (b) serve populations o f 10,000 or more 
persons. Sampling c r ite r ia  which would produce data conducive to the 
stated objective included, in  addition to sampling during the most 
c r i t ic a l  time frame, se lection o f a f a c i l i t y  at which the TTHM
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Table 3. Total Trihalooethane Levels fo r  27 Mater Treatment 
F a c ilit ie s  in  Oklahoma, By Quarter
F a c il ity  Name
Jul-Sep
4th
Quarter
Oct-Dec
1 s t
Quarter
dan-Mar
2 nd
Quarter
Apr-Jun
3rd
Quarter
Annual
Mean
Altus 113 68 90 97 92
Ardmore 89 73 52 42 64
B a rtle s v ille 231 98 80 140 137
Broken Arrow 207 77 105 97 122
Chickasha 179 39 57 46 80
Claremore 147 47 53 60 77
Clinton 147 101 87 97 108
Del C ity 211 57 99 61 107
Duncan 173 102 84 106 116
Durant 54 50 56 70 58
Guthrie 298 88 149 98 158
Lawton 249 50 51 39 97
McAlester 291 98 34 108 133
Midwest C ity 114 80 65 52 78
Muskogee 319 55 78 165 154
Norman 225 67 77 113 121
OKC-Draper 127 86 74 24 78
OKC-Hefner 159 92 38 35 81
OSU-Sti1Iwater 132 34 29 42 59
Okmulgee 136 38 54 40 67
G.G.W.A. 72 66 58 40 59
Ponca C ity 73 32 17 25 37
P.V.I.A . 227 61 83 71 111
Sand Springs 284 153 122 141 175
Shawnee 169 87 78 85 105
Tulsa-A.B. Jewell 132 55 54 42 71
Tulsa-Mohawk 50 22 13 21 27
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formation curve neared s ta b iliz a tio n  at a minimum o f f iv e  sampling 
points. I f  th is  could be rea lized, the f iv e  sampling points could be
treated as rep lica tes in  an analysis o f variance s ta t is t ic a l te s t. 
Since the TTHM curve is  time dependent as previously shown, i t  was 
necessary to  make curve s ta b iliz a tio n  determinations p rio r  to  
in it ia t io n  of research. The Lawton Medicine Park F a c il ity ,  due to  i ts  
distance from the f i r s t  point o f withdrawal (approximately 10 m iles) 
and medium range treatment capacity (14-15 MGD) showed a TTHM formation 
slope o f near zero throughout the in-town d is tr ib u tio n  system. The
research fo r  th is  pro ject was, therefore, conducted at the Lawton Water
Treatment Plant. The AOV te s t was u tiliz e d  to measure s ix treatment 
methods with f ive  replicates per treatment. Predictions as to the 
annual mean TTHM, based on percent reduction determined in the p i lo t
study, at the 27 water treatment fa c i l i t i e s  monitored during th is  
research p ro ject were calculated based on a linear regression model. 
Both the AOV and regression analysis w il l  be discussed in the 
s ta t is t ic a l analysis section o f th is  chapter.
Experimental Design
In attempting to  resolve the problem of TTHM formation in
fin ished drinking water systems, an experimental design should take 
into  account the essence of the problem and attempt to preclude or 
circumvent the formation o f TTHMs, not remedy the a fte r- fa c t.  In the 
short h is to ry  of dealing w ith reduction of trihalomethanes in fin ished  
drinking water, much a tten tion  was in i t i a l l y  focused on the use of
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remedial action a fte r THMs had been formed. For example, the use of 
GAC and aeration were both proposed and are reportedly h ighly e ffe c tive  
in TTHM removal. However, i n i t ia l  capita l outlay fo r  both remedial 
measures is high and GAC must be thermally reactivated or replaced on a 
frequent basis adding approximately 15% to  operational costs. Based on 
a more economically sound approach, much study on the reason fo r  TTHM 
formation has revealed th a t numerous factors which have a profound 
e ffe c t on TTHM formation can be contro lled by simple treatment 
m odifications which do not require as large a capita l outlay and can be 
implemented in a re la t iv e ly  simple manner.
The factors which can have a s ign if ican t e ffect on TTHM 
reduction are highly dependent on the physical and chemical qua li ty  of 
a part icu la r  raw water source. Therefore, the experimental design 
should i n i t i a l l y  take in to  account the more feas ib le  fac to rs . 
Generally, a lterna tives include: (a) use of d is in fectan ts other than
ch lorine; (b) m odification o f ch lo rina tion  practices; (c) u t i l iz in g  a 
combination of d is in fec tan ts ; (d) removal of precursors p rio r to 
d is in fe c tio n ; (e) pH adjustment; ( f )  improved co a g u la tio n -c la rifica tio n  
to  more e ffe c tiv e ly  remove precursors e ithe r by optim izing dosages or 
using other, p o te n tia lly  more e ffe c tive , coagulant aids; and, (g) 
removal of precursors p rio r  to  ch lo rina tion  by using Activated Carbon. 
The use o f PAC or GAC is  expensive and should be considered only as a 
la s t reso rt. While pH adjustment has been proven h ighly e ffe c tive  in  
reducing TTHM formation in tha t the haloform reaction is  base-
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catalyzed, the use o f th is  a lte rna tive  is  h ighly dependent on the 
buffering capacity of the raw water. Furthermore, i t  is  not desirable 
to  de live r fin ished  water to  the consumer tha t might be corrosive. 
Therefore, th is  a lte rna tive  should not be discarded, but reviewed with 
the chemical q u a lity  o f the raw water source in  mind. Removal of TTHMs 
a fte r th e ir  form ation, as has been mentioned, is expensive and does not 
preclude continued haloform reactions in  the d is tr ib u tio n  system.
Having avoided the more cos tly  or less expedient a lterna tives 
fo r th is  p a rtic u la r water source, several preventative methods remained 
available fo r t r i a l .  F irs t ,  the study was performed during the summer 
season when ambient temperatures of the raw water were higher in that, 
as in many chemical reactions, there is a d irect re la t ionship  between 
temperature and reaction rates. Since the drinking water standard is 
based on an annual mean of four seasonal samplings, i t  was f e l t  tha t 
reduction of TTHMs during the summer season would be more recognizable 
and tha t pro jections of meeting the annual average MAL based on various 
a lte rna tives could be more reasonably made. Secondly, i t  is  recognized 
that other d is in fectan ts  do not react as strongly as does ch lorine w ith 
precursors to form TTHMs. Therefore, the use o f chloramines as a pre­
d is in fec tan t could be attempted, armionium su lfa te  being one o f the less 
expensive compounds fo r  th is  a lte rna tive  method. T h ird ly , the point of 
p re -ch lorina tion  could be moved from the head of the p lant to the 
f i l t e r  in flu e n t po in t. Post-ch lorination could be continued as a 
constant throughout the study to assure a free chlorine residual in the
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d is tr ib u tio n  system, whether the point of p re -ch lo rina tion  were moved 
or the use of chloramines was in s titu te d . Post-chloramination was not 
u tiliz e d  in  tha t removal e ffic iency  was rea lized , but is  an additional 
p o s s ib il ity .  Fourth ly, the dosage of coagulation-sedimentation aids 
could be optimized to  more e ffe c tiv e ly  remove precursors. F if th ly , the 
use of other coagulant aids could be u tiliz e d  to  determine whether they 
were more e ffe c tive  in  precursor removal and subsequent TTHM formation.
In summary, the theore tica l considerations fo r  th is  p ilo t  
study included: (a) more e ffe c tive  removal of reactive precursor
material while introducing the highly reactive chlorine gas; (b) moving
the point of pre-chlorination downstream from coagula t ion-c larif icat ion 
to attempt precursor removal p rior to ch lorinat ion w ith chlorine gas 
while maintaining the f i l t e r  and basins free  of algae; and, (c) 
u t i l iz in g  pre-chloramination in place of p re-ch lorina tion  in that 
chloramines do not react as read ily  w ith  precursors as does free 
ch lorine.
I t  should be emphasized tha t any experimental design fo r 
modifying treatment methods to reduce TTHM leve ls in a d is tribu tio n  
system should f i r s t  take in to  account the chemical and physical q u a lity  
of the raw water source, since the nature o f TTHM formation is  highly 
dependent on th is  fa c to r. In th is  sense, i t  might be assumed that no 
single method of a lte rna tive  treatment w i l l  necessarily be applicable 
to any two systems. Nevertheless, based on theo re tica l considerations
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of TTHM formation and empirical evidence o f on-line e ffe c ts , i t  is  
highly probable that one or more genera lities  can be derived and 
projected to achieve s im ila r resu lts  fo r  s im ila r raw water sources. 
The rea liza tion  of th is  p ro b a b ility  was the major impetus fo r  
performing the Lawton P ilo t Study.
Results o f the Lawton P ilo t Study
The Lawton Medicine Park p lant draws water from Lake Lawtonka 
which is  supplemented during low in flow  periods by water from Lake 
Ellsworth. The Medicine Park f a c i l i t y  consists of two separate, but 
s im ila r p lants; one b u ilt  in  1932 and the other b u ilt  in 1967. During
the course of th is  study, only the newer plant was u t i l ize d  in order to 
avoid complications presented by s p l i t  flows. A flow diagram of the 
Lawton Medicine Park F a c i l i t y  is shown in Appendix A, page 107.
The Medicine Park f a c i l i t y  b a s ica lly  u tiliz e s  p re -ch lo rina tion  
with chlorine gas; fe r r ic  su lfa te , Cat-Floc A polymer, and slaked lime 
as co ag u la tio n -c la rifica tio n  aids; f i l t r a t io n ;  and post-ch lo rination  at 
the 42-inch e fflu e n t line  using ch lo rine  gas. During the study, the 
f a c i l i t y  treated between 14 and 15 MGD. Finished water is  pumped to 
the C ity  of Lawton with the f i r s t  point of withdrawal being 
approximately ten miles from the p lan t and the most d is tan t po in t being 
approximately 18 miles on the south side of the c ity .
The study was conducted in f iv e  modes (not counting the normal
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operation mode) to  determine whether optim izing coagulation- 
c la r if ic a t io n  aid dosages, a lte rin g  coagulation aids, moving the 
ch lo rina tion  point from the head o f the plant to the f i l t e r  in flu e n t, 
u t i l iz in g  pre-chloramination in  place of p re -ch lo rina tion , or some 
combination o f these treatment a lte rna tives could most e ffe c tiv e ly  
reduce TTHM formation in the d is tr ib u tio n  system.
Each a lte rna tive  treatment method attempted caused TTHM 
reductions in the Lawton water d is tr ib u tio n  system (Table 4). Both 
from h is to r ic a l data and from base-line data acquired p rio r to 
in it ia t io n  of the p ilo t  study, June 28, 1982, i t  is  evident that 
current water treatment practices at the Medicine Park Treatment 
F a c i l i t y  cannot reduce TTHM levels s u f f ic ie n t ly  to meet trihalcraethane 
maximum allowable levels of 100 ppb as an annual average. Method I I ,  
Table 4, shows that the d is tr ib u tio n  line  average TTHM can be reduced 
su bs ta n tia lly  by moving the point of ch lo rina tion  to  ju s t before the 
f i l t e r s  and increasing the dosage rates of fe r r ic  su lfa te , Cat-Floc A, 
and slaked lime to  maximum c la r if ic a t io n  e ffic ie n cy  based on ja r -  
te s tin g . This approximate 32% reduction (Table 5) in TTHM formation in 
the d is tr ib u tio n  lines is  most l ik e ly  the re s u lt of a greater removal 
of precursor material during coagulation-sedimentation p rio r to 
ch lo rin a tio n , thus reducing the TTHM formation potentia l w ith in  the 
p lant. Both chloroform and dichlorobromomethane showed e rra tic  values 
i n i t i a l l y  which began to  conform to  a more uniform reduction throughout 
the system by the th ird  day a fte r in i t ia t io n  of th is  second a lte rna tive  
treatment method. E rra tic  values were l ik e ly  the re su lt of
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Table 4. Trihalomethane Levels (ppb). P ilo t Study at Lawton, Oklahoma
Treatment Method I
Dichlorobromo Dibromochloro Total
S ite Chloroform Methane Methane Bromoform THMs
1 132 51 14 < 2 197
2 155 55 14 < 2 224
3 134 53 14 < 2 201
4 138 54 16 < 2 208
5 130 50 17 < 2 197
Treatment Method I I  (Midpoint Chlorination; Optimized Coagulation)
June 28 -  July 2
Dichlorobromo Dibromochloro Total
S ite Chloroform Methane Methane Bromoform THMs
1 69 37 14 < 2 120
2 50 40 15 < 2 105
3 70 39 15 < 2 122
4 158 59 15 < 2 178
0 128 50 15 < 2 177
Treatment Method I I I  (Ootiraized Coagulation Only) JuTi  3-5, Ju ly 9-13,
Ju ly 15-18
Dichlorobromo Dibromochloro Total
S ite Chloroform Methane Methane Bromoform THMs
1 125 48 12 < 2 185
2 127 51 13 < 2 191
3 110 43 13 < 2 166
4 118 45 11 < 2 174
5 135 49 13 < 2 197
Treatment Method IV (PrecLloramination , Optimized Coagulation) July 6-7
Dichlorobromo Dibromochloro Total
S ite Chloroform Methane Methane Bromoform THMs
1 43 23 8 < 2 74
2 36 14 4 < 2 54
3 37 15 4 < 2 56
4 23 8 2 < 2 33
5 27 12 3 < 2 42
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Table 4. (continued)
Dichlorobromo Dibromochloro Total
S ite Chloroform Methane Methane Bromoform THMs
1 1 2 0 48 13 < 2 181
2 162 55 14 < 2 231
3 148 51 13 < 2 214
4 1 2 2 49 13 < 2 184
5 156 54 13 < 2 225
Treatment Method VI (Betz 1190; Prechloramination; Optimized
Coagulation) July 14-18
Dichlorobromo Dibromochloro Total
S ite Chloroform Methane Methane Bromoform THMs
1 81 30 8 < 2 119
? 90 30 8 < 2 128
3 91 38 10 < 2 139
4 71 30 8 < 2 109
5 82 31 8 < 2 121
Site Distance from Source
1 1 0 - 1 1 miles
2 1 1 - 1 2 miles
3 12-13 miles
4 13-16 miles
5 16-18 miles
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Table 5. Observed Average Reduction in TTHM Levels Using Alternative  
Treatment Methods
Method of Treatment % Reduction
I .  Prechlorination using normal coagulation 
aid dosages
I I .  M id-point ch lo rina tion  using optimized 
coagulation
I I I .  Optimized coagulation only
IV. Pre-chloramination using optimized coagulation 
aid dosages
V. Betz 1190 Polymer; Optimized coagulation
Base-line
2 2 %
11%
75%
No s ign ifican t 
difference
VI. Betz 1190 Polymer; Prechloramination;
Optimized coagulation 40%
Increased c la r if ic a t io n  aid dosages used during study were maximized as 
fo llow s:
Ferric  Sulfate 
Cat-Floc A 
Slaked Lime
25.0 ppm 
2.0 ppm
10.0 ppm
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uncontro llable variables re la tin g  to non-uniform water usage at points 
in the d is tr ib u tio n  system. However, based on long-term usage of th is  
a lte rna tive  method of treatment, an overa ll reduction o f approximately 
32% in  TTHM formation could be antic ipated. Relating th is  reduction 
to  projected TTHM reductions, midpoint ch lo rina tion  and increased 
c la r if ic a t io n  would not be s u ff ic ie n t to reduce the annual average TTHM 
values in the d is tr ib u tio n  system to meet the 100 ppb TTHM standard.
Method I I I  of the study conducted from July 3 through July 6, 
Ju ly 7 through Ju ly 13, and Ju ly 15 through July 18, determined that 
the use of optimized dosages of co ag u la tio n -c la rifica tio n  aids caused 
an average TTHM reduction in the d is t r ibu t ion  system of approximately
11%. This reduction in TTHM formation can be assumed to be the resu lt
of a reduction in precursors reacting with chlorine during post­
ch lo rina tion  in that the only fac to r altered was improved coagulation. 
This would appear to  substantiate other studies that in -p la n t formation 
of trihalomethanes is  s ig n ific a n t in the eventual formation o f TTHMs in 
d is tr ib u tio n  lin e s . Method I I I  fu rth e r showed that the percent 
reduction of th is  method would not be s u ff ic ie n t to reduce the annual 
average TTHM values in  the d is tr ib u tio n  system to meet the annual mean 
TTHM standard.
Method IV of the study, from July 5 through July 7, determined
tha t the use of pre-chloramination in combination w ith increased
dosages o f co a g u la tio n -c la rifica tio n  aids caused a s ig n ifica n t
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reduction in  TTHM levels in  the d is tr ib u tio n  lines of approximately 
75%. This reduction in  TTHM formation in  the d is tr ib u tio n  lines could 
l ik e ly  be a ttr ib u ted  to  the fa c t tha t combined ch lo rine  does not react 
as rea d ily  w ith precursors as does free ch lo rine . Since post­
ch lo rina tion  was continued throughout the study, th is  lends fu rthe r 
credence to the concept tha t in -p la n t TTHM formation is one of the
prime considerations in  reducing TTHM formations in  the d is tr ib u tio n  
system. Furthermore, th is  method of treatment was determined to  be the 
most e ffe c tive  in  reducing average TTHM leve ls in the d is tr ib u tio n  
system.
Method V of the study was ins t i tu ted  from July 7 through July 
8, substitu t ing Betz 1190 Polymer fo r Cat-Floc A to determine whether 
Betz polymer was a more e ff ic ie n t coagulant-aid than Cat-Floc A. Pre­
ch lo rination  was re in s titu te d  in place of pre-chloramination with other 
increased dosages of c la r if ic a t io n  aids maintained. TTHM data from the 
d is tr ib u tio n  lines  demonstrated th a t Betz 1190 Polymer was s l ig h t ly  
less e ffe c tive  than Cat-Floc A as a coagulant-aid w ith no s ig n ific a n t 
d ifference observed in  THM leve ls.
Method VI of the study was in s t itu te d  from July 14 through 
July 15 to determine whether the use o f Betz 1190 Polymer in 
combination w ith  pre-chloramination was more e ffe c tiv e  than the use of
Cat-Floc A w ith pre-chloram ination. Comparing data from Method IV, i t
was evidenced th a t there was no s ig n ific a n t d iffe rence in the use of
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Betz 1190 Polymer vs. Cat-Floc A polymer as a coagulation aid, w ith 
both methods showed reductions in  average TTHM levels in the 
d is tr ib u tio n  system s u ffic ie n t to  meet TTHM standards. Table 5 shows, 
however, th a t Method VI produced only a 40% reduction in  TTHM levels as 
compared to a 75% reduction observed using Method IV.
71
S ta tis tic a l Analysis 
Introduction
The objective  of th is  two part s ta t is t ic a l analysis was f i r s t  
to  determine the optimal treatment method by use of analysis of
variance. Of the s ix  treatment methods u t iliz e d , a s ig n ifica n t 
d ifference was determined between Treatments IV and VI and a ll othet 
treatment methods. No s ig n ific a n t d ifference was determined between 
Treatments IV and VI. Treatment IV was considered to  be the best 
treatment method based on the lower cost o f Cat-Floc A used In
Treatment IV compared to the higher cost o f Betz 1190 polymer used in 
Treatment VI. Having established th is , the next objective  was to 
determine whether TTHM values in the July-September quarter showed 
s ta t i s t i c a l l y  s ign i f ican t corre la t ion  with the annual mean TTHM.
Having shown evidence of corre la tion between the two variables, i t  was 
then the objective to  define the behavior of th is  co rre la tion  by
developing a linear model fo r p red iction  purposes. Before using the 
line a r model, the additional precaution of performing a t  te s t using a 
hypothesis tes t was performed. This tes t fu rthe r substantiated that 
the linea r model developed by regression analysis was a re lia b le  
p red ic to r.
Analysis of Variance
The in i t ia l  s ta t is t ic a l evaluation of the data generated as a 
re s u lt o f the Lawton Medicine Park P ilo t Study required a determination 
o f whether a s ig n ific a n t d ifference existed between the treatment
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methods u t iliz e d  and, i f  so, which treatment method or methods could be 
shown to  be s ig n ific a n tly  d if fe re n t from other methods w ith the 
objective of making a decision as to  the most e ffe c tive  treatment 
method in reducing production of to ta l trihalomethanes in the 
d is tr ib u tio n  system.
The s ta t is t ic a l approach u tiliz e d  was a s ing le -fac to r analysis 
of variance (AOV). The ca lcu lations fo r th is  s ta t is t ic a l approach are 
as fo llow s:
Table 6. Treatments and Replicates
Red1icate Row Row
Treatment 1 2 3 4 5 Total, Ti Mean, x i
I 197 224 201 208 197 1027 205
I I 120 105 122 178 177 702 140
I I I 185 191 166 174 197 913 183
IV 74 54 56 33 42 259 52
V 181 231 214 184 225 1035 207
VI 119 128 139 109 121 616 123
Column Z 876 933 898 886 959 4559
SS(Total) = E (x^)
E x)2
n
n = 30
ck
r (x^) = 197^ + 224Z + .
= 5,476 + 2,916 
= 32,761 + 53,361 
= 14,161 + 16,384
139,832 + 170,343 +
Z (x2) = 789,296
. + 1 2 1 ^
ck
+ 40,401 + 43,264 + 38,809 211,459
+ 14,884 + 31,684 + 31,329 103,322
+ 27,556 + 30,276 + 38,809 167,347
+ 3,136 + 1,089 + 1,764 14,381
+ 45,796 + 33,856 + 50,625 216,399
+ 19,321 + 11,881 14,541 76,388
151,094 + 152,050 + 175,977 = 789,296
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I  (x2) = (T i)Z  = (4,552)Z = 20,720,7042 .
SS(TOTAL) = 789,296 - 20,720,704 
 3(3-------
= 98,606 
SS(FACTOR)= s (T i^ ) _ j l x ) ^
where c = number o f rep lica tes 
fo r  each treatment
Z(Ti^) = 1027% + 702% + . . . + 616^
= 1,054,729 + 492,804 + 833,569 + 67,081 + 1,071,225 + 379,456
= 3,899,584
SS(FACTOR)= 3,899,584 20,720,704
5 3T
= 89,227
SS(ERROR) = Z(x^) - r(T i^ )
c
= 789,296 - 779,917 
= 9,379
Table 7. AOV Table
Source SS d f ...........MS
Factor 89,227 5 17,845
Error 9,379 24 391
Total 98,606 29
d f(fa c to r) = r-1  = 5 
d f(e r ro r ) :  r ( c - l )  = 24 
d f( to ta l)  = n-1 = 29
MS(FACTOR) = SS(FACTOR) _ 89,227 ^ - . r
d f(fa c to r)  3  ’
MS(ERROR) = SS(ERROR) _ 9,379 _ 
d f(e rro r) Z?"
F* = MS(FACTOR) _ 17,845 _ ^
MS(ERROR) -  391—  ~
F(5,24,0.05) = 3.90
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F* = 45.6
F ( l ,24,0.05) = 4.26
Ho : u i = u n  = u n i  = u iv  = uv = u v i
Ha : u j u n  f u m  t u jv  r u y f  uv i
= 0.05
d f(numerator) = 5 d f(denominator) = 24
Decision: Reject the n u ll hypothesis since F* lie s  in  the c r it ic a l
region.
Conclusion: The data show tha t there is considerable evidence that
the treatment levels are s ig n ific a n tly  d iffe re n t at the 0.05 
confidence le v e l.
1 1 1 1 1  
Z Mu = U4 -  Fui  - Tu2 - Fu]  - Fug - Fug
Ho : 5u4 = ui  + U2 + U3 + ug + ug
Ha : 5u4 u^ + U2 + ug + ug + ug
2
Q1 (5T4-Tl-I2-T3-Tg-Tg)'
5( s2+ ( - 1) 2+{_i ) 2+ (_i ) 2+ (_i ) 2+ (_i ) 2 )
= (5(259)-(1027)-702-913-1035-616)^ 
5T3Ô1
= 14980 
.  n2 ,c l/2F = Q \ / S  
F* = 38.31
14980
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F(l,24 ,0 .05) = 4.26 
Decision: Reject the n u ll hypothesis since F* lie s  in the c r it ic a l
region.
Conclusion: The data show tha t there is  considerable evidence that
Treatment Method IV is s ig n ific a n tly  d iffe re n t from a ll other 
treatment methods at the 0.05 confidence le ve l.
iMu = U4 -  U6 = 0
Ho : U4  = U6
Ha : U4  ?! u i
= (T4 - Tn)^
5(S2+(-l)2)
= (259-616)^
130
= 980 
F = = 980
 ^ m
F* = 2.51
F (l,24 ,0 .05) = 4.26
Decision: Fa il to  re je c t the nu ll hypothesis since the F* value
lie s  in the acceptable region.
Conclusion: The data show there is  no s ig n ific a n t d ifference between
Treatment Methods IV and VI at the 0.05 confidence leve l.
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The f in a l conclusion from th is  AOV is  th a t, since treatments 
IV and VI are equally e f f ic ie n t  in  TTHM removal. Method IV used a 
cheaper coagulant aid than Method VI w ith  a ll other variables remaining 
constant between the two treatments. Therefore, the choice of Method 
IV is  based on economic considerations.
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Regression Analysis
Table 8  shows the projected annual TTHM means fo r water 
treatment f a c i l i t ie s  monitored in  th is  study. Review o f the tabulated 
resu lts  demonstrates what was both observed and what might lo g ic a lly  be 
expected to  occur. The estimated value of the Lawton plant Ju ly- 
September quarter was 62 ppb with the p ilo t  study value being 54 ppb. 
Upon examining data presented in Table 8 , an estimated annual TTHM mean 
of 22 ppb was determined fo r  the Lawton F a c il i ty .
Table 8  fu rth e r shows that implementation of Treatment Method 
IV u t iliz e d  at the Lawton Medicine Park Water Treatment Plant would 
reduce annual TTHM means to wall below the 100 ppb annual mean standard 
at every water treatment f a c i l i t y  monitored in th is  study. I t  is
important to note tha t th is  annual mean reduction can be accomplished
by the use of Treatment Method IV during the c r i t ic a l  quarter alone.
This should be regarded as an observation and not a recommendation, 
however. A f a c i l i t y  such as Sand Springs which shows TTHM values above 
the 1 0 0  ppb level in  ever quarter should be jud ic ious in implementing a 
s ing le  quarter a lte rn a tive  method. A f a c i l i t y  such as Lawton, however, 
whose TTHM levels are well below the 100 ppb standard during three of 
the four quarters might consider the economic advantage of single
quarter a lte ra tio n . Table 9 shows data used in  the fo llow ing 
ca lcu la tions:
„  = _________ n( 2  xy)-(S  x)(S  y)___________
(n ( Z x 2 ) - ( Z x )2 ) ^ /^ ( n (Z : / ) - (E y )  ) 
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2 J / 2
Table 8 . Projected Annual TTHM Means fo r Hater^Treatment F a c il it ie s  
Using e As the Correction Factor For y
F a c ility .025x i  ® y + e
Altus 28 +28 56
Ardmore 22 +13 35
B a rtle s v ille 58 +10 6 8
Broken Arrow 52 +8 60
Chickasha 45 - 2 0 25
Claremore 37 - 6 31
Clinton 37 +26 63
Del C ity 53 - 1 1 42
Duncan 43 +20 63
Durant 14 +26 40
Guthrie 75 -5 59
Lawton 62 -40 22
McAlester 73 -27 46
Midwest C ity 29 +14 43
Muskogee 80 - 2 2 58
Norman 56 -4 52
Oklahoma City-Draper 32 +7 39
Oklahoma City-Hefner 40 - 8 32
OSU-Stillwater 33 -16 17
Okmulgee 34 - 1 0 24
O.O.W.A. 18 +17 35
Ponca C ity 18 -5 13
P.V.I.A. 57 -15 42
Sand Springs 71 +19 80
Shawnee 42 +10 52
Tulsa-Jewell 33 -3 30
Tulsa-Mohawk 13 -3 10
Vq- y
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Regression Analysis 
Table 9. TTHM Q uarterly, Annual Means, and Computations
F a c ility
July-Sept
( - )
Annual 
Mean (y)
xy
Altus 113 92 12769 8464 10396
Ardmore 89 64 7921 4096 5696
B a rtle s v ille 231 137 53361 18759 31647
Broken Arrow 207 122 42849 14884 25254
Chickasha 179 80 32041 6400 14320
Claremore 147 77 21609 5929 11319
Clinton 147 108 21609 11664 15876
Del C ity 211 107 44521 11449 22577
Duncan 173 116 29929 13456 20068
Durant 54 58 2916 3364 3132
Guthrie 298 158 88804 24964 47084
Lawton 249 97 62001 9409 24153
McAlester 291 133 84681 17689 38703
Midwest C ity 114 78 12996 5084 8892
Muskogee 319 154 101761 23716 49126
Norman 225 121 50625 14641 27225
Oklahoma City-Draper 127 78 15129 6084 9906
Oklahoma City-Hefner 159 81 25281 6561 12879
OSU-Stillwater 132 59 17424 3481 7788
Okmulgee 135 67 18496 4489 9112
O.O.W.A. 72 59 5184 3481 4248
Ponca C ity 73 37 5329 1369 2701
P.V.I.A . 227 111 51529 12321 25197
Sand Springs 284 175 80656 30625 49700
Shawnee 169 105 28551 11025 17745
Tulsa- Jewell 132 71 17424 5041 9372
Tulsa-Mohawk 50 27 2500 729 1350
TOTAL 4608 2572 938,906 280,184 505,466
n = 27
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27(505,466)-(4608)(2572)
(27(938,906)-(4608)2)1/2(27(280,184)-(2572)2)^''2
= 0.91
The decision point fo r  n=27 is  i  0.381. Therefore, there is  evidence
of a line a r co rre la tion  represented by the value of Pearson's product
moment r  of 0.91. A cause-effect re la tionsh ip  is  implied in  th a t a 
number of researchers have determined a d irec t re la tionship  between 
TTHM formation and ambient water temperature.
The method of least squares is  u tiliz e d  to estimate the
equation o f the lin e  of best f i t  where:
y = bg + bix bg = y- in tercept bi = slope
= n( 2 xy) - ( I  x)( S y)
n( 2 x^) - ( Z x)^
= 27(505466)-(4608)(2572)
27(938906)-(4608)^
= 1,795,806 
4 ,116,798
= 0.44
bg = ÿ - bix where ÿ  = _ J _ =  2572 = gr
n 27
and X = ^  ^   ^ 170.67
n l !
= 95.26 - (0.44)(170.67)
=  2 0 . 2  
y = 20.2 + 0.44x
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In order to  determine whether x, the quarte rly  value observed during 
July-September can be used to  predict the value o f y , the annual TTHM 
mean, a hypothesis te s t is  u t i liz e d  se tting  the y -in te rce p t o f the 
population equal to zero and using the t  te s t to  evaluate the 
a cce p ta b ility  o f p red ic tion .
Ho: P 1 = 0  
Ha: ^ 1 J* 0  
df = n-2 = 25;
2
n(Se)
= 0.05; t(25,0 .05) = 1.71
2
where S b i is  an estimation of the 
variance among the calculated slopes 
( i .e .  b is ).
  = ________ 27(23.86)________
: x 2 ) - ( Zx ) 2  2 7 ( 9 3 8 , 9 0 6 ) - ( 4 6 0 8 ) :
= 644.22
T;il6,798
0-41.5 X 10"
0 . 5 4 - 0
( 1 . 6  X 1 0 - 4 ) 1 / 2  
t *  = 34 . 79
t(25,6.05)=1.71
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t *  = 34.79
Decision: The n u ll hypothesis, Hq, is  re jected since t *  is  in the
c r i t ic a l  region.
Conclusion: The slope o f the line  of best f i t  is  greater than zero.
There is  evidence tha t a linear re la tio n sh ip  exists between 
the two variab les and tha t the annual TTHM mean fo r water 
treatment f a c i l i t ie s  can be predicted based on values of TTHMs 
e m p irica lly  observed during the July-September sampling 
quarter.
The confidence in te rva l is  given by:
b i - t ( n - 2 , 0.025)(Sb^)
0.44 - (2 .06)(1 .5  X 
0.44 -  0.03
0.41 to 0.47
Therefore, the slope o f the lin e  of best f i t  o f the population from 
which the sample was drawn is between 0.41 and 0.47 with 95% 
confidence. The lin e  of best f i t  is  shown in  Figure 10.
The lin e a r model y = 20.2 + 0.44x was used to calculate annual 
mean TTHM leve ls fo r  the 27 Oklahoma water treatment fa c i l i t ie s  
monitored in th is  study. In th a t Treatment Method IV demonstrated a 
75% reduction in TTHMs during the c r it ic a l  period o f the water year,
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Figure 10. Linear Regression Plot o f Annual TTHM Means vs. C rit ic a l Period Values
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the value of x used in  the model is  adjusted to  re fle c t th is  75% 
reduction in order to  pred ict annual mean TTHM values based on th is  
percent reduction. In th a t y  represents the best point estimate fo r 
each value of x, i t  is  necessary to ca lcu late confidence in te rva ls  fo r 
each value of y and construct confidence belts fo r  Xq.
y = 20.2 + 0.44x where x is  the adjusted value (25%) of 
the observed c r i t ic a l  period TTHM value.
I t  would be re p e tit iv e  to  show a ll ca lcu lations of y fo r  the 27
fa c i l i t ie s .  One, the Lawton f a c i l i t y  y is  calculated fo r  i l lu s tra t iv e
purposes.
Lawton f a c i l i t y  Xq = 249 0.25x = 52.25
y = 20.2 + 0.44(52.25)
= 43
The confidence in te rva l fo r  th is  calculated value of x is  given by: 
y i  t(n -2 , c /2 )(S ^ )( l + ^  +
n ( E x 2 ) - ( i x ) 2
The term represents the deviation of the e rror about the regression
2
lin e  which is  derived from the variance S^.
The variance of the e rro r e about the regression lin e  is  given by:
S2
e = _S^ = ( Sy2 )-(bn)(T  y ) - (b i) (  Tx.y)
n- 2  n-2
where is  an estimate o f the variance of the experimental error e and
SSE is the sum of squares fo r  e rro r .
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Sg = (280,184)-(2 .58)(2572)-(0.54)(505,466) 
= 596.6
= 23.86
= (23.86)^/^ and t(n -2 ,a /2 )  = t(2 5 ,0.025)
® = 4.88 = 2.06
and X = 171
Therefore, the confidence in te rva l fo r  the calculated x fo r  the Lawton 
F a c il i ty  is :
48 + (2.06)(4.88)(1 + 1/27 + --------- 27(24^171)^---------------^1 /2
27(938,906) - (4608)2
48 + (10.05)(1.037 + _______ 164,268_________ ,1/2
25,350,462 .  21,233,664
48 + (10.0S)(1.037 -  164,268 ,1/2 
4,116,798
48 + (10.05)(1.037 + 0.04)^/^
48 + (10.05)(1.038)
48 + (10.4) = 38 to 58
The confidence in te rva l fo r  Yxq=249 is  38 to  58 at the 95% confidence 
leve l. In more pertinent terms, the linear model predicts that the 
annual mean TTHM value fo r  the Lawton F a c il ity ,  using prechloramination 
and optimized coagulation-sedimentation (Method IV),  is  not anticipated 
to  exceed 58 ppb w ith 95% confidence. Em pirica lly , the observed mean 
value o f 54 ppb at the Lawton fa c i l i t y  using Treatment Method IV (Table 
4) during the period of peak TTHM production appears to  substantiate 
th is  p red ic tion .
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The above ca lcu la tions were performed on the remaining 25 
water treatment fa c i l i t ie s  monitored and are presented in  Table 10. 
Calculations o f the linear model and upper boundary o f the in terva l 
estimate shown in Table 10 ind icate  that of the 27 Oklahoma public 
water supplies monitored in th is  study, 1 0 0% would be expected to meet 
the 100 ppb TTHM MCL by use of prechloramination and optimized 
coagulation.
The lin e  o f best f i t  w ith  confidence in te rva ls  fo r  these data 
is shown in Figure 11.
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Table 10. Predicted Annual T U *  Means With Confidence In tervals
F ac ility
Confidence Predicted Maxiiaum
Altus 33 23 to  43 43
Ardmore 30 19 to  41 41
B a rtle s v ille 46 36 to 56 56
Broken Arrow 43 33 to 53 53
Chickasha 40 29 to  51 51
Claremore 36 25 to 47 47
Clinton 36 26 to 46 46
Del C ity 43 33 to 53 53
Duncan 39 28 to 50 50
Durant 26 15 to 37 37
Guthrie 53 43 to 63 63
Lawton 43 38 to 58 58
McAlester 52 42 to  62 62
Midwest City 33 22 to  44 44
Muskogee 55 45 to 65 65
Norman 45 35 to 55 55
OKC-Draper 34 23 to  45 45
OKC-Hefner 38 28 to 48 48
OSU-Stillwater 35 24 to 46 46
Okmulgee 35 24 to 46 46
O.O.W.A. 28 16 to 40 40
Ponca C ity 28 16 to  40 40
P.V.I.A . 45 35 to  55 55
Sand Springs 51 41 to  61 61
Shawnee 39 29 to 49 49
Tulsa-A. B. Jewell 35 24 to 46 46
Tulsa-Mohawk 26 15 to  37 37
Figure 11. Confidence Belts fo r Y
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CHAPTER V 
CONCLUSIONS AND RECOMMENDATIONS 
CONCLUSIONS
This p ro jec t has demonstrated tha t the use of in -p lant 
chloramination and optim ization of coagulation aids can s ig n ific a n tly  
reduce the production o f trihalomethanes in  the fin ish ed  drinking water 
of the f a c i l i t y  studied. S ta t is t ica l analysis has shown that since 
th is  reduction during c r i t i c a l  periods when ambient temperatures are 
highest (mid-summer) and when precursors from decaying vegetation are 
concurrently high, observed reductions of approximately 75% can be used 
to make reasonably accurate predictions as to the e ffe c t on the annual 
mean TTHM leve ls in  fin ished  water. There is  good evidence that th is  
a lte rna tive  treatment method would achieve an annual mean TTHM level 
which is  well below the maximum contaminant level allowed by the Safe 
Drinking Water Act.
Regression analysis using trihalomethane data from 27 surface 
water treatment p lants in Oklahoma provided a linea r model which showed
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a co rre la tion  c o e ff ic ie n t o f 0.91 between the leve ls o f TTHMs during 
c r i t ic a l  periods and end-of-year annual TTHM means. Adjustment of 
c r i t ic a l  period TTHM values fo r  these f a c i l i t ie s  to  a 75% reduction, 
followed by use o f the linear model and an experimental error term 
correction ind icated tha t the use o f th is  treatment methodology would 
reduce annual mean TTHM levels at a ll 27 fa c i l i t ie s  to well below the 
TTHM standard. In th a t these annual mean predictions were based so le ly 
on c r i t ic a l  period reduction of TTHM production, a considerable safety 
margin would be provided i f  th is  treatment method were used on a year- 
round basis. Even though the experimental e rro r correction term may 
have shown an upper boundary fo r  many fa c i l i t ie s ,  the characte ris tic  of 
the error term is to define deviations about the line  of best f i t .  
Therefore, those f a c i l i t i e s  with a negative error correction may have 
shown a lower boundary although th is  is not, in a s ta t is t ic a l  sense, 
the expectation. I t  would be u n rea lis tic  to  conclude tha t the linear 
model and/or the leve l of percent reduction observed during th is  p ilo t  
study is  precise enough to  allow u t i l iz a t io n  of the recommended 
treatment a lte rn a tive  only during c r i t ic a l  periods of the year. The
study has shown, however, tha t there is  strong evidence that the
treatment a lte rn a tive  recommended, i f  used throughout the year, can be 
expected to  reduce annual mean TTHM levels to  below the 100 ppb
standard.
Rec&snendations
Any water treatment fa c i l i t y  desiring  to implement the
a lte rna tive  treatment method recommended by th is  study should take into
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account a number o f fa c to rs ;
Optimization o f Coagulation-Sedimentation. This study in  no 
way means to  imply tha t other treatment fa c i l i t ie s  should a lte r 
coagulant aids cu rren tly  in  use and c e rta in ly  does not imply th a t the 
optimum dose determined fo r  the Lawton fa c i l i t y  w i l l  be the same fo r  
other f a c i l i t ie s .  I t  is  recommended th a t coagulant aids cu rre n tly  in  
use be frequently  ja r-te s te d  in order to  determine optimum coagulation- 
sedimentation. N atura lly , due to  changes in the characte ris tics  o f raw 
water throughout the year, optimum dosage rates w i l l  flu c tu a te  
considerably. These flu c tua tions  w i l l  be p a rtic u la r ly  observable from 
spring through la te  summer.
U tiliz a tio n  of Pre-chloram ination. Id ea lly , ammonium su lfa te  
should be added upstream of the ch lo rina tion  po in t. The resu ltin g  
formation o f chloramines is  l ik e ly  ju s t as e ffe c tive  fo r  pre­
d is in fec tio n  i f  the ammonium su lfa te  s lu rry  is  added downstream, 
although there are c o n flic tin g  opinions regarding which should be added 
f i r s t .  I t  should be borne in mind tha t combined chlorine residuals 
require longer contact time (one to  four hours) fo r  adequate 
d is in fec tio n  than do free chlorine residua ls. The optimum dose of 
ammonium su lfa te  and ch lorine gas should be derived from a 1 : 1  molar 
ra tio  in order to  preclude break-point ch lo rination  with the subsequent 
formation o f free  ch lorine residuals and enhanced TTHM formation.
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Adjustment o f pH. In tha t the reaction ra te  o f ch lorine with 
ammonium su lfa te  to produce chloramines is  most rapid at a pH o f 8.3, 
the addition of slaked lime should be adjusted to  produce th is  pH as 
close ly as possible. Lowering the pH has the added benefit of fu rthe r 
reducing TTHM formation. However, caution should be exercised to avoid 
de livering  corrosive water to  the d is tr ib u tio n  system. A Total 
A lk a lin ity  o f 75-100 ppm should be maintained to avoid c o rro s iv ity  of 
fin ished water at th is  pH and to assure delivery o f so ft water.
D is in fectant Residuals and Bacterio logica l Q ua lity . I t  is  of 
p a rticu la r importance to maintain a bacteria l b a rrie r in l ig h t of the 
fac t that d is in fectant modifications, both in reduction of contact time 
and use of chloramines during in-p lant treatment, could have a 
s ign if ican t e f fec t on chlorine residual maintenance throughout the 
d is tr ib u tio n  system. Standard plate counts should be determined twice 
per month to  gather information on any changes in q u a lity  in the 
system. These should be taken at not less than four points in the 
d is tr ib u tio n  system. P a rticu la r a ttention  should be applied to  dead­
end lines and the most d is tan t points in  the d is tr ib u tio n  system.
Treatment Contingencies. Substituting a combined chlorine 
residual fo r  a free  ch lorine residual can cause considerable 
a lte ra tions  in  overa ll treatment e ffic ie n cy . Free ch lorine is  not only 
a powerful d is in fec tan t, but may also serve as a coagulation- 
c la r if ic a t io n  aid, oxid ize iron and manganese, destroy tastes and
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odors, remove co lo r, and prevent algae and bacte ria l slime growths in 
f i l t e r s  and treatment un its . In the event that the aforementioned 
a lterna tives are implemented, plant operations may become more 
d i f f ic u l t  in tha t coagulation might be more d i f f i c u l t ,  tastes and odor 
problems w i l l  be more d i f f i c u l t  to  con tro l, and the build-up o f algae 
and bacteria l slimes in both the c la r if ic a t io n  basis and f i l t e r s  w i l l  
be more rap id . Shock-chlorination fo r  b r ie f periods can a lle v ia te  
these conditions to  some degree, but only close vig ilance  of 
coagulation e ffic ie n cy  and the q u a lity  of fin ished  water can assure 
continuous de livery  of the highest q ua lity  of water to consumers. The 
plant operator should be prepared to increase coagulation-aid feeds in 
the event that poor f loccu la t ion  occurs and to resume pre-chlorination 
fo r  b r ie f  periods in the event of rapid f i l t e r  head-loss, build-up of 
slime layers in c la r i f ic a t io n  basins, or taste and odor problems.
Figures 12 and 13 i l lu s t ra te  the re la t iv e  costs of u t i l iz in g  
ch lo rine, ozone, chlorine dioxide, and chloramines as d is in fectan ts and 
the operational costs associated w ith using GAC and PAC.
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Figure 12. Relative Cost of Disinfectants (ERA)
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Figure 13. Cost of PAC and GAC Treatment (EPA)
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APPENDIX
Table A -1. Clüorinatioo Practice) and T y p a  of H ater T re a tu c it.
F a c ility Coim tv Predhlorliu^tlon D lW ufcchint Remarks
A do lr Mayes no Chlorine  Ces Coag, SS F l i t ,  TO-Carbon
A lberto  Creek Resort Marshall yes Chlorine  Goa Coag, SS F li t
A ltus Jackson yes C’lilorine Gas Coag, Bed, Anth F l i t ,  C o rr , Soft
Anûdarko Caddo yes Chlo r ine  Gnu Coag, Sed, Anth F l i t ,  C o rr, S oft
Antlers Pushmataha yes Chlorine  Gq;j Coag, Sed, S3 F il te r ,  C o rr , S oft
Ardmore C arter yea Chlo r ine  G gs Coag, Bed, RS F l i t ,  C o rr , TO -C
A rdm ore A ir  Park C arter yea Chlo r ine  Dioxide Coag, Sed, SS PUt, C orr
A toka Atoka yes Chlo r ine  G qü Coag, Sed, Mixed F l i t ,  C orr
Avant U t i l i ty  A u th o rity Osage no Sodium Hypochlorite Coag, Sed, SS FU t, C orr
Barfisdoll Osage no Chlo rine Gas Coag, Sed, RS FU t, C orr
DartlesvlUe Washlngtc unknown Unknown Coag, Sed, F l i t
Beavers Bend S ta te  Park McCurtaIn no Chlo rine Gas Coag, Sed, Dual FUt
Begtjs Okmulgee yes Chlo rine Gnu Coag, RS F l i t ,  C orr
B lxby Tulsa yes Chlorine  Gas Coag, Sed, Anth F l i t ,  C o rr , TO -C
Blackwell Kay yea Chlorine  Gas Coag, Sed, RS F l i t ,  Soft
Boynton Muskogee no Calcium llyp o c lilo rlte Coag, FU t, S oft
Brldgevlew Resort Marshall no Chlo r ine  Dioxide Coag, SS F l i t
B ristow Point P ittsburg yes Unkno ivii Coag, Sed, SS PUt, C orr
Broken A rrow Tulsa yes Chlor ine Dioxide Coag, Anth FU t, C o rr, S o ft, TO -C
Broken Bow McCurteln yes Chlor ine Goa Coag, Sed, S3 F U t, C o rr, S o ft
Chandler Lincoln no Unknown Coag, Sed, F U t, TO
Cheeotüh McIntosh no Chlor ine Gau Coag, Sed, Mixed PUt
Chelsea Rogers yes Chlor ine Gau Coag, Sed
Cherokee Land Yacht Cherokee no Unknown Unknown
Cherokee Landing Cherokee no Calcium llyp o c lilo rlte Coag, Sed, 93 PUt
Cheyenne Roger M ills no Chlor ine Gau Coag, SS F U t, C o rr, Soft
Chickasha Grady yes Chlor ine Gau Coag, Sed, Anth F l i t ,  C o rr, S o ft, TO
Claremore Rogers yes Chlorine Gas Coag, Sed, Mixed FU t, S o ft, Fe-K
Clayton PWA Pushmataha yes Chlorine Gnu Coag, Sed, SS PUt, C o rr, S oft
Cleveland Pawnee no Unknown Coag
Clin ton Custer yes Chlor ine Gas Coag, Sed, Anth F U t, TO -C
CoaJgate PWA Cool yes Chlorine Gas Unknown
C ollinsv ille Tulsa yes Unknown Coag, Sed, RS F l i t ,  C orr
Cookson Bend Resort Cherokee no Sodium llypocl i lo r lt e Coag, Sed, SS FUt
TüW u A -1 . (co n l.)
F a d litv CCM£)tV Proelilorin&tion D ü.iiifca tan t Remaria
Cookson V illage TP Cherokee no Sodium Hypochlorite SS FU t, C orr
Cookson Water and Dev Co. Cherokee no Calcium Hypochlorite Coag, Sed, Press FU t, C orr
Coweta Wagoner no Chlo rine Gas Coag, A n th  F U t, S o ft, TO -C
Creek County RWD # 1 Creek yes Sodium Hypochlorite Coag, Sed, RS FU t, C orr
Creek County RWD # 7 Creek yes Calcium Hypochlorite Coag, RS p u t ,  C orr
Cushing Payne no Chlo rine Gas Coag, Sed, RS PUt, C o rr, S oft
Davenport Lincoln no Unknown Coag, Sed, RS FU t, C o rr, S o ft, TO -C
Davlu Murray yes Chlo rine Gas Coag, Sed, SS PU t, Soft
Del C ity Oklahoma yes Chlo rine Gas Coag, GAC put, C o rr, TO
Delaware Nowata no ( 'h lo r in e  Gas Coag, Sed, RS FU t, S o ft, TO -K
Disney RWD fl 3 Mayes no Unknown Unknown
Dougherty Murray unknown Unknown Coag, Sed, FUt
Duncan Stephens yes ( ‘lilorine G os Coag, Sed, Anth  F U t, C o rr-C , Soft
Durant Bryan no Chlo rine Gas Coag, Sed, RS PU t, C o rr, TO -C
Dustin Hughes Chlo rine  Gas Coag, Sed, RS PUt, C orr
Cost C entra l Oklahoma Water Sequoyah no Unknown Unknown
Elmore C ity Garvin yes Chlo rine Gas Coag, Sed, RS FU t, C orr
Eufaula McIntosh yes Chlo rine Gas Coag, Sed, FU t, C orr
Fa irfax Osage no Chlo rine  Gas Unknown
Fo rt Qibson Muskogee no Cli lor ine  Gas Coag, Anth  FUt
Foss Reservoir MCD Custer yes Chlo rine  Gas Coag, C la r if ,  An th  PUt
Frederick T illm an yes Chlo rine Gas Coag, Anth  PU t, C o rr, TO -C
Goddard Youth Camp Murray unknown Unknown Unknown
Grand Lake Towne Mayes Sodium Hy[>oehlorite SS put
Grand Tara Delaware no ( 'n lc ium Hypochlorite Coag, Sed, SS PUt
Grove MSA Delaware yes Chlo rine Gas Coag, Sed, Anth  PUt, C orr
Gull Day Water System Osage yes Calcium Hypochlorite Coag, Sed, SS PU t, Corr
Guthrie Logon yes Unknown Coag, Sed, FU t, C orr
Haskell County Water Co. Haskell yes Chlorine Gas Coag, Sed, SS FU t, C orr
Meavener LeFlore yes Chlorine Gas Coag, Sed, RS FU t, C orr
fien rye tta Okmulgee no Chlorine Gas Coag, Sed, A n th  FU t, Soft
H ickory H ills Hughes Calcium Hypochlorite Coag, Sed, SS PUt
Hobart Kiowa no Unknown Coag, Sed, Anth  PUt, C o rr, Soh
Holdenville Hughes yes Chlorine Gas Coag, Sed, Dual FU t, Corr
T o b lu  A ) ,  (con t.)
P a e illtv
Hominy
Hugo
Mulbert PWA 
Hunters Cove 
Idabel 
Jny 
Keota
Ketclium PWA 
Keys RWD I 2 
Kiowa 
Ki'ebo
Ltike Crest Prop 
Lokeview W ater Co. Inc. 
Lokewood U t i l i ty  Inc. 
Langley
Longüton U niversity
Lawton
Lenopah
Lincoln C ounty RWD # 1
L it t le  Glasses Resort
L icust Grove
Lucien RWD # 1
Modill
Monnford
M nrsiiell
Marshall County Water Co. 
Mason Oaks RWD g 3 
M nyej County RWD # 6 
Maysville 
McAIester
MoCurtain County RWD # 1 
Meeker 
M idwest C ity  
Monkey Island RÜ
County PreeM ofi nation D id n fc jta n t Rem arica
Osage ( ‘iiloriiie (îas Coag, Sed, RS FU t, C o rr, S o ft, Aer
Choctaw unknown Unknown Unknown
Cherokee no Chlor ine (Jas Coag, M ixed F i l t ,  C orr
Mayes unknown Unknown Unknown
McCurtaIn yes Chlo rine  Cos Coag, Sed, S3 P U t, C o rr, S oft
Delaware yea Chlo rine  Cas Sed, A n th  PUt
no Chlo rine  Cas Coag, Sed, RS FU t, C o rr, TO -C
Craig yes Chlorine Gas Coag, Sed, A n th  PU t, Corr
Cherokee no Unknown Sed, p u t
P ittsburg unknown CMilorltie Gas Coag, Anth  F U t, C orr
P ittsburg no Chlor ine Dioxide Coag, Sed, RS FU t, Corr
Wagoner yes Unknown Unknown
Cherokee yes Unl(nown Coag, Sed, RS PUt
Cherokee no Calcium llyp o c lilo rlte Sed, SS p u t
Mayes yes C alc iu m  H ypochlorite Coag, Sed, RS PUt, C orr
Logan yes Unknown Unknown
Comanche yes Chlo rine  Gas Coag, Sed, A n th  FU t, S o ft, Amm
Nowata no Chlorine Gas Coag, Sed, RS PUt, C o rr, TO -K
Lincoln yes Calcium Hypochlorite Coag, Sed, RS F U t, C orr
Marshall no Chlorine Dioxide Coag, Sed, SS F û t
Mayes yes Chlo rine  gas Coag, RS F l i t
Noble yes Chlorine Gaa Coag, Sed, RS FUt
Marshall yes Chlorine Gaa Coag, A n th  F U t, S oft
Creek yes Chlo rine  Gas Coag, RS F U t, C o rr, S oft
Logan unknown Unknown Unknown
Marshall yes Chlorine Gas Coag, Sed, M ixed F U t, Corr
Haskell unknown Unknown Unknown
Mayes yes Calcium Hypochlorite Coag, Sed, RS PUt
Garvin yes Chlorine Gas Coag, Sed, RS FU t, C orr
P ittsburg yes Chlo rine  Gas Coag, Sed, RS PUt, C orr
M cCurtaIn yes Chlor ine Gas Coag, Sed, SS F i l t ,  S o ft 
Coag, Mixed F i l t ,  C o rr, SoftLincoln unknown Unknown
Oklahoma yes Chlor ine Gns Coag, Anth F i l t ,  C o rr, TO -C
Delaware Sodium Hy[)Dchlorlte Coag, Press F i l l
T a b le  A - 1 .  (c o n l.)
FaeiU ty C ois ity PredüoHnation D iü iifc c ta n t Remtffcs
Mountuin Fork RWD H 3 McCurtaIn yes Chlorine Cos Coag, Sed, SS F l i t ,  C o rr, S o ft
M ill drew Sequoyah no Caleiutij  Hy(K>chlorite Coag, SS F ilt
M urray S tate College Johnston yes Chlor ine Gns Coag, Sed, Preas F U t, C orr
Muikogce Muskogee yes Ctüor ine Gas Coag, Dual F l i t ,  C o rr, S oft
Muskogee County RWD Ô 3 Muskogee no Calc ium ny[>oohlorlte Coag, Anth F l i t ,  C orr
Norman Cleveland yes Clilorine Gus Coag, Anth F l i t ,  C o rr, S o ft, TO
Norwood RWD $ 1 Cherokee yes Calcium Ily [)och lorite Coag, Sed, A n th  FU t, Corr
Nov/ato Nowata no Chlorine Gas Coag, Sed, RS PU t, C o rr, S oft
Nov/ota RWD # 1 Nowata yes Chlo rine  Gas Coag, Sed, P U t, C o rr, TO -K
Okay PV/A Wagoner no Unknown Coag, Sed, F l i t
Oklahoma C ity  Draper Oklahoma yes Chlo rine  Cos Coag, Sed, RS F U t, C o rr, TO -C
Oklahoma C ity  Hefner Oklahoma yes Clilorine Gas Coag, A n th  F l i t ,  C o rr, Aer
Oklahoma C ity  Overholser Oklahoma yes Chlorine Gas Coag, Anth  P U t, C o rr, TO -C
Okemoh Lake TP Okfuskee unknown Unknown Unknown
Okemah PWA Okfuskee no Chlorine Cos Coag, Mixed P U t, C orr
OOWA Mayes yes Chlorine Gas Coag, Sed, M ixed PU t, C orr
Okmulgee Okmulgee yes Chlo rine  Gas Coag, A n th  F U t, C o rr, S oft
Oklahoma S ta te  U niversity Payne yes Chlo rine  Gas Coag, Sed, Dual P U t, C orr
OUDS Marshall no Chlorine Dioxide Coag, Sed, SS FUt
Paradise H ill Inc. Sequoyah yes Unknown Unknown
Pauls Valley Garvin yes Chlorine Gas Coag, Sed, A n th  F U t, C o rr, S oft
Pawhuska Osage yes Chlorine Gas Coag, Sed, RS FU t, C orr
Pawnee Pawnee yes Chlorine Gas Coag, Sed, RS FU t, C orr
Perry Noble yes Chlo rine  Gas Coag, Sed, A n th  F il t
P e tit Mountain Water C her(*ee no Unknown Unknown
P e tit Day W ater Association Cherokee unknown Unknown Unknown
Pittsburg P ittsburg yes Calc ium ilyj>ochlorlte Coag, SS P U t, Corr
P ittsburg  County RWD 1 4 Pittsburg no Calc ium Hyi>ochlorite Coag, Sed, S3 F l i t ,  C orr
P ittsburg  W ater A u tho rity P ittsburg yes Chlorine Gas Coag, Sed, M ixed P U t, C o rr, TO
PittsburgPW A Pittsburg yes Chlorine Gas Coag, Sed, RS FU t, C orr
Ponca C ity Kay yes Chlo rine  Gas Coag, Sed, RS FU t, Stab
Port Duncan Delaware yes Sodium llyp o c lilo rlte Coag, RS F U t, C orr
Porum PWA Muskogee yes Chlorine Gns Coag, A n th  F U t, C orr
PVIA LeFlore yes Chlorine Gas Coag, Sed, M ixed F i l l ,  C orr
T a b le  A - l ,  (con t.)
Faaüity County PfecM ofiitcUon D ld n fcs ta rit R e re a r ta
Red Oak Latim er no Chlo rine  Gos Coag, Sed, M ixed FU t, C orr
Robbers Cave S tate Park Latim er yes Chlorine Dioxide Coag, Sed, A n th  F l i t ,  C orr
Rogers County RWD # 3 Rogers yes Chlorine Gns Coag, Sed, PU t, S o ft, Fe-K
RogerJ County RWD # 4 Rogers yes Chlo rine  Gas Coag, Sed, PU t, Fe-K
Rogera County RWD I  5 Rogers yes Unknown Coag, Sed, P U t, S oft
RWD 0 1 A toka  County Atoka no Chlo rine  Dioxide Coag, Sed, P U t, Corr
Salina Mayes yes Chlorine Gas Coag, Sed, RS PUt
SolllsûW Sequoyah yes Chlorine Gas Coag, Sed, A n th  PUt
SandSprlngu Tulaa yes Chlorine Gns Coag, Sed, RS FU t, C orr
Sepulpe Creek yes Chlorine Gaa Coag, Sed, P U t, C orr
Sequoyah (g jun ty  Wat Assoc Sequoyah yes Chlorine Gns Coag, Sed, M ixed PUt
S equoyahS P k (main plant) Cherokee no Calcium Hypochlorite Coag, Sed, SS PUt
Shawnee Paootwatomie yes Unknown Coag, Sed, FU t
Sherwood Forest Add ition McIntosh yes Sodium Hypochlorite Coag
Shidler Osage yes Calc ium l ly p o c lilo rlte Coag, Sed, C o rr , S o ft, TO -C
Shoreline Estates P ittsburg no Chlorine Dioxide Coag, Sed, SS FU t, C orr
Snyder Kiowa yes Chlorine gos Coag, Sed, A n th  PU t, C o rr, S oft
Soldier Creek Marshall no Chlo rine  Dioxide Coag, Sed, SS PUt
Southern Oklahoma Water Co. C arter yes Chlo rine  G us Coag, Sed, M ixed PUt, C orr
Spavlnaw Mayes yes Chlo rine  Gns Coag, Sed, Press FUt
Spinnaker P o in t Resort Delaware no Calc ium H ypoclilorite Sod, SS PUt
Spiro LeFlore yes Chlo rine  Gns Coag, Mixed F l i t ,  C ofr
Sportsman Shores Mayes no Calc ium Hypochlorite Sed, SS p u t
Spring Creek Water Mayes no Calc ium H ypochlorite Sed, SS p u t
S tlg le r Haskell yes Chlorine Gns Coag, Sed, RS PUt, C orr
S tilw e ll A dair unknown Chlo rine  Gas Coag, Sed, SS F ilt
S trlngtownVO  Training Atoka yes Chlor ine Gos Coag, Sed, S3 F i l t ,  C orr
Stroud PWA Lincoln no Chlor ine Gns Coag, TS F l i t ,  C orr
Sum m ltt Water Co. Cherokee unknown Calc ium Hypochlorite Coag, Sed, Press FU t, Corr
Tahlequah Cherokee yes Chlo rine  Gas Coag, Sed, Anth P i l l
Talih lne LeFlore yes Chlorine Gns Coag, Sed, M ixed PUt, C o rr, Soft
Tecumseh Pottowatom le yes Sodium Hyypoehlorlte Coag, Sed, A n th  F i l t ,  C o rr, Soft
Temple Cotton unknown Chlo rine  Gas Coag, Sed, RS F l i t ,  C o rr, TO -C
TenklUer Water Co. (CO) Cherokee unknown U nknown Coag, Sed, F i l t
T a tie  A - l .  (cont.)
Facility County PrectJorinaUon DiGinf estant R e a a ffc a
T e iik llle r Water Co. (WP) Cherokee unknown Unknown Unknown
T e n k lllc r Shores West Cherokee unknov/n Unknown Unknown
T e iik ille r S ta te  Park Cherokee no Calc ium iiypoch lo rke Sed, S3 F l i t ,  C orr 
Coag, Sed, 88 F li t  
Coag, M ixed FU t, C orr
Terapin C resk C lub Cherokee unknown Sodium Hy(>ochlorlte
Tlflh im lngo Johnston yes Chlo rine Gas
Treasure Lake Job Corp. Comanche unknov/n Unknown Unknown
Tulsa Lynn Lane Tulsa yes Chlo rine  Gns Coag, Sed, Anth  FU t, C orr
Tulsa Mowhawk Tulsa yes Cli lor ine  Gns Coag, Sed, RS F ilt
UJ3. A rm y Am m unition P lant P ittsburg no Clilorine Gos Coag, Sed, Anth  FU t, C orr
V a illan t McCurtaIn yes Chlo rine Gos Coag, Sed, SS F i l t ,  C o rr, S o ft
Verden Grady yes Sodium Hypochlorite Coag, Sed, RS FUt
V Inlta Craig unknown Clilorine Gns Coag, Sed, RS F i l t ,  C orr
Wagoner Wagoner yes Chlo rine Gns Coag, Anth  FUt
Wagoner County RWD tf 1 Wagoner unknown Unknown Unknown
Wagoner County RWD 0 2 Wagoner unknown Unknown Unknown
Wagoner County RWD 0 7 Wagoner unknown Unknown Unknown
Walters Cotton Cli lorine Gns Coag, Sed, RS FU t, TO -C
Wapanucka PWA Johnston Chlo rine Dioxide Coag, RS F i l t ,  C orr
Wurner PWA Muskogee C hlo rine  Gos Coag, F U t, C orr
Washington County RWD # 3 Washington yes C hlo rine  Gns Coag, Anth FU t, C o rr, S oft
Watts PWA Ada ir unknown Unknown Coag, GAC F i l t ,  C o rr, TO -C
Weleetka Okfuskee no Chlo rine Ons Coag, Sed, RS P U t, C orr
Western H ills  S tate Lo<%e Cherokee no Clilorine Gns Coag, Anth  PUt
Wetern S ta te  Hospital Woodward yes Clilorine Gns Coag, Sed, Anth  F U t, S oft
Wetumka Hughes no Chlo rine Gas Coag, Sed, RS PU t, C orr
Wevvoka Water Inc. Seminole yes Chlo rine Gns Coag, Sed, RS F ilte r , C o rr, TO -C
WUburton La tim e r yes C hlo rine  Gas Coag, Sed, M ixed PU t, C orr
Woodhaven Water Company Cherokee unknown Calc ium  H ypochlorite Coag, Sed, SS FUt
W right C ity McCurtaIn yes Chlo rine  Gos Coag, Sed, SS P i l l ,  C o rr, S oft
Wynnewood Garvin yes Chlo rine  Gus Coag, RS F l i t ,  C o rr, S o ft
Flow Diagram: Lawton Medicine Park Water Treatment Plant
o
Rapid
Mix
Clear
Well
Prechlorination Post-chlorination
Raw water 
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Flocculation
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Ferric Sulfate 
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Quick Lime 
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Table A-2. Lawton Raw Water Analysis; June 28, 1982
PARAMETER UNITS VALUE
Chloride mg/L 24.0
Fluoride mg/L < 0.5
NO3 /NO2 -N mg/L 14.3
pH SU 6.7
Sulfate mg/L 52.0
TDS mg/L 324.0
Total A lk a lin ity mg/L 142.0
Total Hardness mg/L 180.0
T u rb id ity NTU 1 2 .0
NV Total Organic Carbon mg/L 18.0
Color, Apparent Color Units 2 0 .0
''Arsenic ug/L < 1 0 .0
Barium ug/L 150.0
Cadmium ug/L < 2 ^
Chromium ug/L < 1 0 .0
Copper ug/L 5.0
Iron ug/L 160.0
Lead ug/L < 2 0 .0
Manganese ug/L < 2 0 .0
Mercury ug/L < 0.5
Selenium ug/L < 5.0
S ilve r ug/L < 3.0
Sodium ug/L 42.0
Zinc ug/L 1 2 .0
Chlorinated Hydrocarbons, Total uq/L < 1 0 .0
*A11 metals reported as Total
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